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NATIONAL ADVISORY COMMITITEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

THE SODIUM RYDROXIDE REACTOR: EFFECT OF REACTOR VARIABLES ON CR1TICAI;CTY 

AND FUEL-ELEMENT TEMPERATURE REQUIREMENTS FOR SUBSONIC AND 

SUPERSONIC AIRCRAFT NUCUAR PROPULSION 

By Donald Bogart and Michael F. Valerino 

SUMMARY 

Results are presented of two-group criticality calculations made for 
sodium-hydroxide-cooled, moderated, and reflected reactors for various 
concentrations and compositions of reactor fuel-element structural 
material. These specific criticality results are presented in a general- 
ized manner to permit rapid evaluation of the criticality requirements for 
a wide range of other structural material compositions.and concentrations 
which may be of interest from considerations of corrosion, strength, and 
heat-transfer-surface requirements. 

Based on turbojet-engine cycle operating conditions optimized for 
minimum airplane gross weight, the maximum reactor fuel-element and 
coolant temperatures are related to the reactor heat release and airplane 
gross weight for a range of the reactor heat-transfer variables for flight 
at altitudes of 30,000 and 50,000 feet and Mach numbers of 0.9 and 1.5. 
For the calculations, airplane lift-drag ratio is assumed constant at 6.5 
for supersonic and 18 for subsonic flight. The weight of shield plus 
reactor plus payload plus auxiliaries (herein designated as WK) is assumed 
constant at two different values namely, 100,000 and 150,000 pounds; the 
calculated results for 100,000 pounds are considered representative for the 
divided-type shadow shield, the results for 150,000 pounds apply for the 
unit bulk shield. 

The results provide a basis for compromise of the advantages of higher 
cycle efficiencies (and hence lower airplane gross weights, reactor heat 
releases, and engine air flows) attainable at high reactor fuel-element 
temperatures with the advantages of higher reactor-material strength and 
corrosion resistance attainable at low fuel-element temperatures. 

For subsonic flight at altitudes of 30,000 and 50,000 feet and for 
values of WK 
temperatures of the order 1100” to 1200’ F can be maintained with a reactor 
core diameter of 2 feet. The airplane gross weight and reactor heat 

of 100,000 and 150,000 pounds, maximum reactor fuel-element 
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release are approximately 200,000 pounds and 70,000 kilowatts, respect- 
ively, for WK of 100,000 pounds and are proportionately increased to 
approximately 300,000 pounds and 100,000 kilowatts, respectively, for WK 
of 150,000 pounds. 

Supersonic flight at a 30,000-foot altitude increases maximum 
reactor fuel-element temperatures. to the 1200° to 1300° F range for approxi- 
mately the same values of airplane gross weight as required for subsonic 
flight; reactor heat releases required, however, are about four times 
greater than for subsonic flight. 

Supersonic flight at 50,000 feet altitude requires maximum reactor 
fuel-element temperatures to increase to the 1300' to 1500' F range for 
WK of 100,000 pounds, and to the 1400° to 1600' F range for WK of 
150,000 pounds for a reactor core diameter of 2 feet. 
condition, reduction in maximum fuel-element temperature to the l l O O o  to 
1200' F level for WK 
for WK 
diameter to 2.5 feet. 
then 300,000 pounds and 350,000 kilowatts, respectively, for WK of 
100,000 pounds and are proportionally larger for 

For this flight 

of 100,000 pounds, and to the 1200O to 1300' F level 

Airplane gross weight and reactor heat release are 
of 150,000 pounds, can be achieved by an increase in reactor core 

WK of 150,000 pounds. 

Enriched uranium investments for the hot unpoisoned reflected reactor, 
containing sufficient high-nickel-alloy fuel el'ements to provide appropri- 
ate heat-transfer surface for the aforementioned reactor and airplane 
flight conditions, are of the order of 35 and 50 pounds for core diameters 
of 2.0 and 2.5 feet, resepctively. A s  fuel-element structural material in 
the reactor is reduced to gero concentration, the uranium investments 
approach 15 and 20 pounds Aor the 2.0- and 2.5-fOOt core diameters, 
respectively. 
poisoning effects of equilibrium xenon, samarium, and other fission 
products resulting from reactor'operation for 24 hours at 300,000 kilowatts 
is estimated to be less than 10 pounds. At this poisoned condition, the 
temperature coefficient of reactivity for reactors with high-nickel-alloy 
fuel elements was calculated to be negative and of the order of -0.00006 
per O F .  

The excess uranium required to counteract burnup and the 

INTRODUCTION 

Reactors cooled and moderated by liquid hydroxides, with uranium 
either contained in fixed structural elements or present in compound 
form as a slurry in the hydroxide, have many attractive features to 
warrant detailed investigation of their applicability to aircraft nuclear 
propulsion. The high effectiveness of the hydroxides in slowing down 
neutrons makes for relatively small reactor sizes and hence small shield 
weights, which is particularly essential in aircraft application. The use 

" 3 Uf Q+tT$x~~'in~T"lctioning as combined coolant-moderator, leads to less 
r, w- 
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complicated reactor core structures compared with the air-cooled or 
liquid-metal-cooled reactors which require incorporation of a separate 
moderator inBo the reactor. No pressurization is required to keep the 
hydroxides 'in the liquid state at the operating temperatures required 
for the aircraft application; in addition, the hydroxides maintain 
reasonably high densities at these temperatures. 
istics represent important advantages over the use of water as a 
coolant -moderator. 

These two character- 
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Important'disadvantages in the use of the hydroxides are associated 
with: (a) their relatively l o w  heat-transfer coefficients as compared 
with the liquid metals; (b) their high melting points; (c) their suscept- 
ibility to radiation decomposition; (d) their corrosive action on the 
available materials having the high-temperature strength required in the 
reactor and reactor coolant loop. 

The inferior heat-transfer ability of the hydroxides compared with 
the liquid metals is partly compensated by the greater reactor coolant- 
flow area and fuel-element heat-transfer surface area attainable with the 
hydroxides due to absence of a fixed moderator. 
therefore be attained in the hydroxide reactors so that'temperature 
differentials between fuel element and coolant for the hydroxide case 
can be made to approach that for the liquid-metal-cooled reactor. 

Lower heat fluxes can 

Because of the high melting points of the hydroxides, the procedure 
for filling and for draining the reactor coolant requires prior heating 
of the reactor and loop, which introduces complications in starting up 
and shutting down the nuclear power plant. 

Whether radiation decomposition of the hydroxides at the operating 
conditions is an important enough consideration to rule out the hydroxides 
as possible reactor coolant-moderator remains unanswered at this time. 
Experience with water at high temperatures and pressures, has indicated 
that decomposition is much less severe than previously believed because 
of the high rates of recombination. 
recombination are operative for the hydroxides, this fact is encouraging. 

Because the same mechanisms for 

The major problem in the use of the hydroxides is the development of 
materials possessing both high-temperature strength and corrosion resis- 
tance to the hydroxides. Inasmuch as strength and corrosion-resistant 
properties of materials become progressively poorer with increases in 
temperature, it is advantageous to operate at the lowest fuel-element 
temperatures consistent with the requirements of reasonable reactor total 
heat releases and airplane gross weights. 

It is the purpose of this report to establish whether the hydroxide 

(1) achieving small reactor sizes with reasonable fissionable 
reactor shows sufficient promise for aircraft application from the stand- 
point of: 
material investments; and (2) providing required reactor heat releases at 
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required coolant temperatures without t he  necessity of excessive fue l -  
element temperatures. 
laboratory. 

The invest igat ion w a s  conducted at t h e  NACA L e w i s  

Some evaluation work of t h e  sodium hydroxide reactor  f o r  aircraft 
propulsion has been made i n  references 1 t o  3. 
sodium hydroxide has been generally selected because of i t s  r e l a t i v e l y  
low melting point and i t s  sa t i s fac tory  neutron absorption propert ies .  

' 
O f  the  common hydroxides, 

Reference 1 i s  concerned with a low-powered s ta t ionary  reac tor  
intended t o  serve as a s tep  i n  the  approach t o  the  high-power reac tor .  
I n  reference 2 a general  design and performance study i s  made of a 
nuclear-powered subsonic a i rplane having a homogeneous sodium hydroxide 
reactor  ( reactor  i n  which the  uranium is  assumed as being dissolved o r  
present as a s lu r ry  i n  the  hydroxide). "he study poin ts  up many of the 
p rac t i ca l  problems involved i n  a hydroxide reac tor  power-plant system. 
I n  reference 3 a b r i e f  study i s  made of a sodium hydroxide reac tor  with 
f ixed  f u e l  elements. The r e s u l t s  ind ica te  t h a t  the sodium hydroxide 
reactor  w i t h  f ixed  f u e l  elements i s  su f f i c i en t ly  promising f o r  subsonic 
a i r c r a f t  propulsion (Mach number, 0.8) t o  j u s t i f y  developmental work. 

I n  the present report  more extensive exploratory calculat ions are 
made of the c r i t i c a l i t y  and heat- t ransfer  cha rac t e r i s t i c s  of t h e  sodium- 
hydroxide-cooled and moderated reactor  with f ixed  f u e l  elements. 
calculat ion r e s u l t s  provide: 

The 

( a )  A generalized chart permitting rap id  engineering evaluation 
of c r i t i c a l i t y  requirements f o r  r e f l ec t ed  sodium hydroxide reac tors  
incorporating s t r u c t u r a l  materials of a w i d e  range of compositions and 
concentrations. 

(b) An evaluation of maximum reac tor  fuel-element temperatures, f o r  
a range of reactor  heat- t ransfer  variables,  necessary t o  satisfy t h e  power 
requirements corresponding t o  both subsonic and supersonic a i r c r a f t  
propulsion. 

( e )  A basis f o r  compromise of t h e  advantages of higher Curbojet 
cycle e f f ic ienc ies  resu l t ing  from operation at  high fuel-element tempera- 
tures w i t h  t he  advantages of higher s t ructural-mater ia l  s t rength  and 
corrosion res i s tance  resu l t ing  from operation at low fuel-element 
temperatures. 

0 

I ( a )  An indicat ion of t h e  temperature coeff ic ients  of r e a c t i v i t y  and 
' excess uranium requirements corresponding t o  equilibrium fission-product 

poisoning f o r  several  reactor  assemblies of i n t e re s t .  

.. 
c 

. 
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SCOPE OF INVESTIGATION OF REACTIVITY VARIABLES 

The reactor  core i s  taken as  a r i g h t  c i r cu la r  cylinder of length- 
diameter r a t i o  equal t o  unity.  Fissionable material i s  contained within 
tubes or  p l a t e s  over which the sodium hydroxide NaOH flows t o  picksup the  
f i s s i o n  heat generated within the  f iss ionable  material .  The core i s  
r e f l ec t ed  by routing of NaOH around the  core p r io r  t o  i t s  passing through 
the  core, as schematically indicated i n  figure 1. The composition of the 
reac tor  core i s  primarily NaOH with a r e l a t ive ly . sma l l  volume of s t r u c t u r a l  
material containing f i ss ionable  material  and possibly a di luent ,  o r  
ca r r i e r ,  f o r  the f iss ionable  material. 

C r i t i c a l i t y  Calculations 

Reactor s i z e  and uranium investment are dependent, t o  a la rge  extent, 
on the amount and composition of t he  s t r u c t u r a l  mater ia l  present i n  the  
reac tor  core. A t  present, however, no s t r u c t u r a l  material i s  known t h a t  
i s  s a t i s f a c t o r i l y  r e s i s t a n t  t o  corrosion by NaOH at  the temperatures 
required f o r  t h e  a i r c r a f t  application. Hence, no def in i t e  assignment of 
s t r u c t u r a l  material composition can be made f o r  a spec i f ic  evaluation of 
the NaOH-cooled and moderated reactor.  

A s  indicated i n  the sect ion under "Method of Generalization of 
C r i t i c a l i t y  Results", reactor  c r i t i c a l i t y  requirements are influenced 
by s t r u c t u r a l  material content pr incipal ly  through two quant i t ies :  the 
maCrOSCOpiC thermal absorption cross sect ion of t h e  s t ruc ture  ZSA,th 
and t h e  reactor  volume f r ac t ion  'of s t ructure  fs. For convenience, the 
macroscopic cross sect ion XSA,th i s  put on a un i t  reac tor  volume basis 
and i s  hereaf te r  re fer red  t o  as the thermal absorption parameter 
fszSA,th. The e f f e c t  of var ia t ion  
of f s  on c r i t i c a l i t y  i s  determined on the  bas i s  of t heo re t i ca l  consider- 
a t ions.  The effect of f s C S A , t h  f o r  a given f s  must be determined by 
de ta i l ed  c r i t i c a l i t y  calculat ions made f o r  severa l  s t ructural-mater ia l  
compositions and Soncentrations. 
r e s u l t s  f o r  spec i f ic  s t ruc tu ra l  material contents i n  the  reac tor  can be 
p lo t t ed  i n  a generalized manner t o  be applicable f o r  a wide va r i e ty  of 

(Symbols are defined i n  appendix A . )  

By means of these  parameters, c r i t i c a l i t y  

. other s t r u c t u r a l  material compositions and concentrations. 

The following spec i f ic  reactor-core compositions w e r e  chosen f o r  
0 

the  c r i t i c a l i t y  calculat ions t o  provide the  basic  data  required fo r  mapping 
the  c r i t i c a l i t y  charac te r i s t ics  of the f a m i l y  of NaOH-cooled and moderated 
reac tors  over a su i tab ly  la rge  range of values of the  thermal absorption 
parameter fgSA,th.  

. 
4 
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by volume Reactor Compositiol f, 

I 

I1 

I11 

rv 

NaOR N i  

0.82 0.08 

.82 -- 

.90 -- 
1.00 -- 

Fe I N a  1 
-- 

0.08 

-- 
-- 

0.10 0.08 

.10 0.08 

.10 0 

0 -- 

sZSA, t h  

0.0151 

0.0074 

0 

0 

For these reactors ,  a wide ran  e of uranium U concentration, 
corresponding t o  r a t i o s  of H t o  U835 atoms R from 50 t o  500, were 
investigated. 
mediate ( fas t - f i ss ion  contributions from 10 t o  50 percent of t he  t o t a l ) .  
Various thicknesses of NaOH r e f l ec to r  from zero t o  e f fec t ive ly  i n f i n i t e  
were investigated. 
r e f l e c t o r  savings, defined as the  difference between the  unref lected and 
the re f lec ted  reactor-core r ad i i .  

The reactor  f i s s i o n  spectrum ranged from thermal t o  i n t e r -  

Reflector e f f ec t s  were measured by the  two-group 

I n  reactors  I and 11, s t r u c t u r a l  material content i s  taken as 
8 percent by volume of N i  and Fe, respectively.  
these metals bracket t he  propert ies  of a la rge  number of high-temperature 
a l loys  and ceramics considered t o  be sat isfactory,  nuclearwise, f o r  use 
i n  a i r c r a f t  reactors .  
su f f i c i en t ly  high t o  provide f o r  a fuel-element design and auxi l ia ry  
s t ruc ture  having adequate heat- t ransfer  surface f o r  a reac tor  of the 
order of 300,000-kilowatt output. Metall ic N a  i s  included i n  the  
reactor  as representative,  nuclearwise, of t h e  fissionable-material  
d i luents  or  c a r r i e r s  t h a t  may be present within the  f u e l  elements. 
Reactor I11 represents the l imi t ing  case of zero s t r u c t u r a l  material 
content. 
addi t ive on reac tor  c r i t i c a l i t y  and represents the t r u l y  homogeneous 

Nuclear propert ies  of 

The 8-percent concentration of these metals i s  

Reactor IV provides a comparison of t he  effect of t he  N a  

reactor  type. / 

Two-group neutron diffusion theory w a s  employed i n  the  c r i t i c a l i t y  
calculations.  
calculations and a transformation made t o  cy l indr ica l  geometry under the 
assburption that the  r e f l ec to r  savings remain t h e  same. 
method of solut ion of the two-group equations a re  briefly reviewed i n  
appendix B. 
use  of the two-group theory equations is  b r i e f l y  described i n  t h e  following 
sect ion "Evaluation of Nuclear Constants" and i s  presented i n  d e t a i l  i n  
appendix C.  

Spherical  geometry was  assumed i n  the  r e f l ec t ed  reac tor  

The der ivat ion and 

The evaluation of t he  gross nuclear constants required i n  the  

Results of t h e  c r i t i c a l i t y  calculat ions are presented i n  t h e  
f o l l a r ing  manner: 
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(1) For reactors  I t o  IV, curves of t he  enriched uranium invest-  
ment as a function of reactor  core diameter are presented f o r  various 
r e f l e c t o r  thicknesses. 

(2) Reflector savings f o r  these reac tors  are compared. 

(3) Representative neutron flux and power generation d is t r ibu t ions  
for reac tors  I and I11 are presented. 

N 
e\, 
UI 

cn 
(4 )  For the  generalized family of NaOH reactors ,  a chart  of 

i s  presented f o r  various reactor  diameters and values of 
uranium investment as a function of the  thermal absorption parameter 

fSpA, th  f,. 

I -  

/ *  

Evaluation of Nuclear Constants 

Val id i ty  of t he  two-group representation used here depends 
e n t i r e l y  on the  correctness of the nuclear constants used t o  represent,  
i n  a bulk fashion, t he  various competing nuclear processes occurring 
within the  two neutron-energy groups. I n  order t o  reduce the uncertain- 
t i es  involved i n  the  evaluation of these bulk nuclear constants, the 
procedure used i s  patterned, as closely as possible, after t h a t  success- 
f u l l y  used i n  reference 4 t o  predict  t h e  c r i t i c a l i t y  of smallhydrogen- 
moderated (water, i n  t h i s  case) thermal reactors .  
evaluating the  constants, which is described i n  d e t a i l  i n  appendix C, 
i s  b r i e f l y  out l ined as follows: 

The procedure f o r  

d i s t r ibu t ion  of neutron f lux  i n  an i n f i n i t e  medium of the  same composition, 
as indicated by age theory. 
from reference 5) i s  included i n  determining t h e  energy d is t r ibu t ion .  

The f i s s i o n  neutron-energy spectrum (taken 

L'f. - The solut ion of the t ransport  equation f o r  the second moment 
of thespa t ia l  d i s t r ibu t ion  of neutrons slowing down from a point source 
i n  an i n f i n i t e  medium consisting of a mixture of hydrogen and heavy 
elements, as derived i n  reference 6 ,  i s  used t o  determine From 
the  so lu t ion  of reference 6 ,  L2f i s  obtained as a function of f i s s i o n  
energy and i s  then weighted over t he  f i s s i o n  neutron-energy spectrum. 
The ca lcu la t ions  are normalized (see appendix C )  t o  the experimentally 
determined value of L2f, f o r  water a t  room temperature, of 33 square 
centimeters. The value of L2f thus obtained assumes no neutron 
absorption during slowing down; f o r  the reac tors  under consideration, 
however, s ign i f icant  absorption occurs i n  the  energy range from about 
1000 ev t o  thermal. Inasmuch as t h e  slowing-down process i n  t h i s  energy 
range can be considered continuous, age theory i s  approximately applicable 
and hence i s  used t o  estimate the e f f ec t  of absorption on slowing down i n  
t h i s  energy range. 

Qf. 

The difference i n  age with and without absorption i n  



a 

t h e  energy range 1000 ev t o  thermal was  calculated and found t o  be 
negligible.  
L2f 
1000 ev, the e f f ec t  of absorption on i s  taken t o  be negl igible  f o r  
t he  reactors  under consideration. (The e f f e c t  of absorption i n  the  fast 
group on c r i t i c a l i t y  i s  hence accounted f o r  so l e ly  through i t s  e f f e c t  on 
Pth)  

On t h i s  bas i s  and, i n  addition, because the  bulk of t he  
contribution i s  due t o  the  slowing down i n  the  energy range above 

L2f 

A,,,,. - The method of reference 7 f o r  estimating the  e f f ec t  of 

chemical binding on thermal neutron diffusion i n  a hydrogenous medium 
i s  used t o  evaluate hm, th .  
va r i a t ion  of sca t te r ing  cross sect ion us with neutron energy f o r  hydrogen 
(as measured f o r  water, reference 8) is  used t o  obtain h, 
of neutron energy. 
of H i n  NaOH is  the same as t h a t  i n  water. The value of h,,th i s  
then obtained by weighting h,  
Maxwellian d i s t r ibu t ion  corresponding t o  the  moderator temperature. 

I n  t h i s  method the  experimentally determined 

as a funct ion 
The assumption involved here i s  t h a t  the chemical bond 

according t o  t h e  f l u x  of neutrons i n  a 

r#,th, ;CF,th. - Local values of CA and CF are assumed t o  vary 
w i t h  neutron energy according t o  
CA,th 
ively,  according t o  the  flux of neutrons i n  a Maxwellian d i s t r ibu t ion  
corresponding t o  the moderator temperature. 

l /v  i n  the  v i c i n i t y  of thermal energy; 
and CF,th a re  then obtained by weighting C, and CF, respect-  

The constants Kf, K t h ,  and L2th me then given by: 

I n  the  c r i t i c a l i t y  calculations,  t he  average temperature of t he  
NaOH moderator i s  taken equal t o  1450° F (Eth = 0.092 ev) . 
reactors ,  t h e  consti tuents of t he  reac tor  core are assumed t o  be completely 
intermixed so  that the  c r i t i c a l i t y  calculat ion r e s u l t s  do not include any 
self-shielding e f f e c t s  a r i s ing  from any heterogeneity of t he  reac tor  
composition. The f u e l  cross-section data were taken from measurements on 
K-25 endproduct consisting of 91.5 percent U 235, 1.5 percent ~234, and 
7.0 percent U238 normalized per atom of U235. Densities of t h e  materials 
i n  t h e  reactor (at 1450° F average temperature) are tabulated i n  t ab le  I. 

I n  a l l  t he  

A summary of two-group constants f o r  t he  spec i f ic  reac tors  analyzed 
i n  t h e  present study i s  presented i n  t ab le  11. . 

I 
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Calculations of Temperature Coefficient of React ivi ty  

and Excess Uranium Requirement 

I n  order t o  provide an indication of the static s t a b i l i t y  
charac te r i s t ics  of NaOH-cooled and moderated reactors ,  two-group per- 
turbat ion theory was used t o  calculate  the temperature coef f ic ien t  of 
r e a c t i v i t y  f o r  the  following cases: 

Reactor I: R 3: 100 and 200, tr = 6 inches 

Reactor 111: X = 100 and 400, 3: 6 inches 

Firs t -order  perturbation formulas, modified t o  include the effect 
of fast f i ss ion ,  are presented i n  appendix D. 

Calculations were made f o r  t he  hot reactor  with equilibrium Xe135 
and 24-hour Sm149 and other fission-product poison concentrations 
corresponding t o  reactor  operation at 300,000 kilowatts; these concen- 
t r a t i o n s  were determined on the  bas i s  of information presented i n  refer- 
ences 9 and 10. 
over the reactor-core volume. 

The poisons are assumed t o  be d is t r ibu ted  uniformly 

Contributions t o  the  temperature coef f ic ien t  of r e a c t i v i t y  
included herein arise from: (1) The change i n  neutron energy range 
cons t i tu t ing  the fast group, ( 2 )  the change i n  densi ty  of NaOH (and 
hence i n  atom density of 
microscopic cross-sections. 

Na,  0, and H),  and (3) the  change i n  thermal 

The l inear  var ia t ion  of density of NaOH with temperature w a s  
taken from reference 11. With the exception of Xe135 and Sm149, 
absorption and f i s s i o n  microscopic cross-sections i n  the  v i c i n i t y  of 
thermal energy are assumed t o  follow the  l v  l a w .  The var ia t ion  of 

averaged over the Maxwellian dis t r ibut ion,  i s  obtained from reference 9. 
The var ia t ion  of microscopic thermal cross-section of S d 4 9  w i t h  
temperature (which contribution t o  temperature coef f ic ien t  of r e a c t i v i t y  
is  s m a l l  r e l a t i v e  t o  the  
of t he  data of reference 10. 

microscopic absorption cross-section of X e  l 35 w i t h  temperature, as 

Xe135 contribution) w a s  estimated on the  basis 

Appendix D presents the  perturbation formula and procedure for 
obtaining the  adjoint  functions used i n  the  formula; the  perturbation 
formula presented i s  an extension of t ha t  derived i n  reference 12 t o  
include the  e f f ec t s  of fast f i ss ion .  
of t he  method of evaluation of the various weighting f ac to r s  contributing 
t o  the temperature coef f ic ien t  of reac t iv i ty .  

Appendix D a l so  presents details 

I n  addition t o  determination of temperature coef f ic ien t  of 
r eac t iv i ty ,  two-group perturbation theory w a s  used t o  estimate the 
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excess f iss ionable  material required t o  compensate f o r  burn-up and 
equilibrium fission-product poisoning f o r  the  s a m e  reactors .  
the pr inc ipa l  poisons are Xe135 and Sm149, a host of other f i s s i o n  
fragment poisons appear and are accounted f o r  by the  assumption t h a t  f o r  
every uranium atom fissioned, the  equivalent of a s ingle  atom appears 
having a microscopic absorption cross sect ion of 100 barns a t  0.025 ev. 
The details of the  method of calculat ion are out l ined i n  appendix D. 
The r e su l t s  of the  aforementioned calculat ions are presented i n  tabular  
form. 

Although 

LD cu 
Lo 
N 

Method of Generalization of C r i t i c a l i t y  Results 

For t h e  range of NaOH reactor  compositions of i n t e r e s t  f o r  a i r c r a f t ,  
the  pr inc ipa l  contribution t o  neutron slowing-down and d i f fus ion  processes 
i s  made by the  NaOH, whereas the  pr inc ipa l  contribution t o  the  absorption 
process i s  made by the  s t ruc tu ra l  material and uranium. For engineering 
evaluations, therefore,  it may be assumed t h a t  the  over -a l l  s ca t t e r ing  
and slowing-down i n  the  reactor  core are r e l a t i v e l y  unaffected by 
var ia t ion  i n  concentration and composition of s t r u c t u r a l  material from 
the values assumed f o r  spec i f ic  reactors  I t o  N. 

Therefore, the only two important e f f e c t s  on reactor  c r i t i c a l i t y  
requirements due t o  var ia t ion  i n  s t r u c t u r a l  material composition and 
concentration i n  the  reactor  are:  
by the  s t ruc tu ra l  material, which i s  given by the  thermal absorption 
parameter f s p A , t h  f o r  a l /v  absorber, and (b )  the  e f f ec t  of d i s -  
placement of NaOH moderator by the s t r u c t u r a l  material when volume con- 
centrations f s  d i f f e r  from the values assumed f o r  t he  spec i f ic  
reactors .  

(a)  the  e f f ec t  of neutron absorption 

Var i a t ion  i n  f s  about a reference value can be treated.  as 
equivalent t o  t h e  e f f ec t  of void space; a decrease i n  s t ructural-mater ia l  
volume f r o m  the  reference value i s  equivalent t o  the  removal of void 
space by the same amount; an increase i n  structural-material volume from 
the  reference value i s  equivalent t o  displacement of moderator by the  
same amount. 
ment, t ha t  is, the e f f ec t  of fs ,  i s  t r ea t ed  i n  appendix B. 

The e f f ec t  of void space on reac tor  s i z e  and uranium invest-  

As previously mentioned, the  e f f ec t  of f s F A , t h  i s  obtained from 
i s  var ied over the  spec i f ic  c r i t i c a l i t y  calculat ions i n  which 

range of i n t e re s t .  
i s  given by: 

f &SA, th 
For a mixture of elements, t h e  parameter fsCSA,th 

where c i s  the f r ac t ion  by volume of elements i n  s t ruc ture .  
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I n  t ab le  I11 are l i s t e d  representative alloying elements which may 
be employed. These absorbers follow the l/v l a w  i n  the thermal region 
with l i t t l e  probabi l i ty  of strongly absorptive, low-lying resonances 
being present (see reference 13). Therefore the  general izat ion may a l so  be 
used t o  evaluate c r i t i c a l i t y  requirements f o r  NaOH reac tors  containing 
materials other than N i  and Fe and f o r  a range of volume concentration. 

Although the  generalization i s  not s t r i c t l y  rigorous i n  t h a t  it 
neglects t h e  s m a l l  differences i n  neutron slowing-down propert ies  due 
t o  other s t ruc tu ra lma te r i a l s ,  it does account f o r  t he  important f i rs t -  
order e f f e c t s  provided: 

(1) The neutron absorption cross sect ion of the  s t r u c t u r a l  material 
va r i e s  with neutron ve loc i ty  according t o  
of t h e  order of 100 electron vol t s .  

l /v  a t  least up t o  energies 

( 2 )  The volume of s t ruc tu ra l  material i n  the reac tor  i s  small 
compared with the  volume of moderator. 

SCOPE OF INVESTIGATION OF PERFORMANCE OF NUCm-POWERED AIRCRAFT 

The purpose of t h i s  performance study i s  t o  determine t h e  airplane 
gross weight and reac tor  heat-release requirements as af fec ted  by the  
maximum temperature of the reactor  f u e l  elements f o r  a range of reactor  
and reac tor  heat- t ransfer  var iables  f o r  various airplane f l i g h t  conditions. 

The turboje t  cycle, involving a t e r t i a r y  system of two separate 
closed l i qu id  c i r c u i t s  and an open a i r  cycle, is  used i n  the  study of t he  
performance of a nuclear-powered a i r c r a f t  u t i l i z i n g  the NaOH reactor  as 
the heat  source. A schematic diagram of t h i s  cycle i s  shown i n  f igu re  2. 
I n  t h e  primary l i qu id  c i rcu i t ,  NaOH i s  heated as it f l o w s  through the 
reac tor  and then cooled as it flows through the primary heat  exchanger 
where it gives up i t s  heat t o  a l iqu id  metal flowing i n  the  secondary 
l i q u i d  c i r c u i t .  
metal i s  t ransfer red  t o  the air  i n  the secondary heat exchanger. 

I n  t h e  secondary c i rcu i t ,  heat picked up by the l iqu id  

A i r  en te rs  the d i f fuser  of the turbojet  engine, is compressed by 
a compressor, is  heated i n  the secondary heat exchanger, and i s  expanded 
through a turbine which ex t rac ts  suf f ic ien t  energy from the  high-pressure, 
high-temperature air t o  run the  compressor. 
through an exhaust nozzle in to  the atmosphere t o  provide the  propulsive 
j e t  th rus t .  

F ina l ly  the a i r  expands 

The configuration of reactor  f u e l  elements chosen f o r  determi- 
nat ion of heat- t ransfer  charac te r i s t ics  of the  NaOH reactor  i s  shown 
schematically i n  figure 1. Th4s configuration was  chosen f o r  convenience 
i n  t h e  heat-transfer study intended t o  indicate  what may be accomplished 
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with respect t o  heat t r ans fe r  i n  the  NaOH reactor ;  no de ta i led  study of 
the s t ruc tura l ,  mechanical, or  fabr ica t ion  problems associated with 
various core designs was  made i n  a r r iv ing  at the  configuration chosen. 

As  indicated i n  f igu re  1, t h e  f u e l  elements are considered t o  be 
p la tes  of sandwich-type construction arranged i n  a closely spaced p a r a l l e l  
a r ray  within the  reactor  core. NaOH flows i n  a s ingle  pass between the 
p la tes  from one face  of the cy l indr ica l  core through t o  the  opposite face.  
(Choice of small-diameter tubes instead of p l a t e s  would give approximately 
the  same heat-transfer r e su l t s .  ) 

In 
N 
In 
N 

Reactor Heat Transfer 

I n  the heat- t ransfer  study, the  maximum temperature of the fuel- 
element p la tes  corresponding t o  any value of t o t a l  reac tor  heat release 
and reactor-exi t  coolant temperature i s  r e l a t e d  t o  the  var iables:  
core diameter 
fuel-element material fs,  fuel-element p l a t e  thickness tp, and coolant 
ve loc i ty  V. 

r eac tor  
Dc(note, L, s Dc), f r ac t ion  of core volume occupied by 

Two methods of reactor  operation have been assumed: (1) uniform 
heat generation over e n t i r e  reactor-core volume, and (2 )  uniform f u e l -  
element w a l l  temperature. 

Basic r e l a t ions  and procedure used i n  the  heat- t ransfer  study 
are outlined as follows: 

(1) From geometrical considerations, t h e  p l a t e  spacing sp, area 
f o r  coolant flow A, and heat- t ransfer  surface a rea  S are obtained f o r  
assigned reactor core s i ze  Dc, percent of core volume occupied by fuel- 
element mater ia l  fs, and p l a t e  thickness tp. 

( 2 )  The heat-transfer coef f ic ien t  h corresponding t o  a given 
coolant veloci ty  V i s  then obtained by u6e of the  Nusselt r e l a t i o n  

where D e  =I 2 sp.  

The physical propert ies  f o r  the NaOH coolant employed i n  the 
present calculations are as follows: 

t 
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Density, p, lb/cu f t  . . . . . . . . . . . . . . . . . . . . . . .  98.0 
Specif ic  heat, c Btu/lb-* . . . . . . . . . . . . . . . . . .  0.483 
Viscosity, p, lby ik- f t  . . . . . . . . . . . . . . . . . . . . . .  2.5 
Conductivity, k, Btu/(hr)(sq ft)(OF/ft). . . . . . . . . . . . . .  0.68 

Density data  were taken from reference 11. Viscosity, spec i f ic  heat, and 
thermal conductivity of  NaOH were obtained from da ta  transmitted from 
Ba t t e l l e  Memorial I n s t i t u t e .  

(3) For the case of constant r a t e  of heat input along a flow 
passage, the  temperature d i f f e r e n t i a l  between the  passage w a l l  and coolant 
i s  constant along the  flow passage ( f o r  constant 
Hence t h e  heat balance may be expressed as: 

h along passage). , 

@w , ex-', , av 
H from which t h e  r a t i o s  Tc,ex-Tc,av are readi ly  and H 

determined. The temperature differences are expressed per kilowatt  of 
heat release i n  order t o  make t h e  heat-transfer r e s u l t s  general  f o r  any 
value of reactor  heat  release. 

( 4 )  For the case of uniform w a l l  temperature, t he  temperature 
d i f f e r e n t i a l  between the  passage w a l l  and coolant var ies  along the  flow 
passage. The heat  balance f o r  t h i s  case i s  wr i t ten  as: 

H = hS (Tc, ex-Tc, en) = 

loge ('". ex-Tc, en) 

Tow, ex-', , ex 

are determined. Tc , ex-Tc, av 
H and w,ex-Ic,av 

H 

I 

from which the  r a t i o s  

(5) The temperature drop across t h e  fuel-element p l a t e  i s  calcu- 
Tow, ex-Tw, ex H/S P - ks l a t ed  by use of t h e  heat-conduction equation Y 

tP/2 
assuming a l l  the  heat  i s  generated a t  the  center l i n e  of t h e  p l a t e  cross 
section. The following r e l a t ion  can then be obtained: 

Tw, ex-Tc, av - - Tow, ex-Tc, av + -  tP 
H H 2ksS 
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The thermal conductivity of t he  f u e l  p l a t e s  
temperature drop across the  p l a t e s  i s  taken 

. 0.. 0 .  
0 .  ... . .... 

0 . .  
0 .  ... 0 .  
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used i n  calculat ion of 
as 28 Btu/(hr)(sq f t ) ( - / f t )  

t h e  value f o r  nickel  at 1500' F. 
stainless, and high-alloy s t e e l s  i s  about 15 Btu/(hr)(sq f t ) (  F/f t ) ,  
(reference 15).  
f o r  t he  conditions considered, i s  generally less than 10 percent of t he  
over-al l  drop t o  the  average coolant temperature, var ia t ion  i n  thermal 
conductivity of the fue l -p la te  material has not been considered. 

The thermal conductivity foro carbon, 

Inasmuch as the  temperature drop across t h e  f u e l  plates ,  

Lo 
h3 
Lo The results of the foregoing procedure are presented i n  the  follow- 

ing manner: (u 

For a f ixed  reactor  core s i ze  and percent of core volume occupied 

Tc , ex-', , av are p lo t t ed  H and Tw, ex-Tc, av 
H by fuel-element material, 

against  V (range, 5 t o  30 f t / s ec )  f o r  various fuel  p l a t e  thicknesses. 

Reactor 
unif o m  hea t  

Reactor co re  
Fue 1 -e lement 
Fuel-element 

heat- t ransfer  charac te r i s t ics  are presented f o r  t he  case of 
generation for :  

diameter, f t  . . . . . . . . . . . . . . . . 2.0, 2.5, 3.0 
reactor  volume f r ac t ion  . . . . . . . . . . . 0.06, 0.12 
p l a t e  thickness, in .  . . . . . . . . . 0.012, 0.016, 0.020 

Comparative heat- t ransfer  charac te r i s t ics  are  presented f o r  the  
case of uniform w a l l  temperature f o r  each of the  reac tors  f o r  a fue l -  
element-plate thickness of  0.012 inch. 

Airplane and Turbo je t  Cycle 

The performance study of t he  turboje t  cycle system i n  a nuclear- 
powered a i r c r a f t  i s  based on the  optimized engine performance r e s u l t s  
of reference 14, wherein the  turboje t  cycle i s  optimized t o  give minimum 
gross airplane weight Wg 
L/D, structure-to-gross-weight r a t i o  
reactor ,  pay load and auxi l ia ry  equipment WK. The optimized performance 
is  given by re la t ions  between the  air heat-exchanger e f f ec t ive  w a l l  
temperature Tw eff and values of t he  following variables:  (a) engine 
t h r u s t  per weight of engine plus air heat  exchanger Fn/WT, (b) net 
t h r u s t  per pound of air  per second Fn/Wa, and ( c )  heat  addi t ion per 
pound a i r  ah,. From these quant i t ies ,  t h e  ai rplane gross w e i g h t ,  
r eac tor  heat re lease,  and engine air flow are found from the following 
re la t ions  f o r  any value of air heat-exchanger effect ive w a l l  temperature: 

f o r  f ixed values of a i rplane lift-drag r a t i o  
Ws/Wg, and weight of shield,  

WU 
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Values of var iables  selected f o r  the  airplane study are: 
and 150,000 pounds; L/D = 6.5 (supersonic) or 18 (subsonic); and 
Ws/Wg = 0.30. 

WK, 100,000 

The values of WK selected a r e  believed t o  be representat ive of 
the  divided and unit-type shields  contemplated f o r  the nuclear a i rplane.  
The values of selected conform with ex is t ing  pract ice  f o r  the  sub- 
sonic case and represent a reasonable value f o r  the supersonic case. 
The value of WsfWg used conforms with the findings of recent  nuclear 
a i rp lane  weight analyses. 

L/D 

Maximum Fuel-Element Temperature Evaluation 

I n  order t o  r e l a t e  the airplane gross weight and reac tor  heat 
r e l ease  t o  the maximum temperature of the reac tor  f u e l  elements, it is  
necessary t o  combine the engine performance and the heat- t ransfer  s tudies .  
The procedure used i s  outlined as follows: 

l i ned  i n  the previous sect ion i s  used t o  determine fii, wa, and H f o r  
a range of values of 

(a)  For assigned values of WK, Lfi, and W s b  the  method out- 

Tw,eff. 

( b )  On the  bas i s  of a preliminary primary heat-exchanger design 
study, the average NaQH coolant temperature within the reac tor  is taken 
as looo F higher than Tw,eff, t h a t  is, TC,, - Tw,eff -- 100' F. The 
heat-exchanger design study indicated that t h i s  temperature d i f f e r e n t i a l  
can be e a s i l y  a t ta ined  with reasonably small primary heat-exchanger s i z e  
f o r  reac tor  heat re leases  required fo r  supersonic f l i g h t  conditions. 

( c )  For assigned values of reactor  s ize ,  coolant veloci ty ,  fue l -  
element mater ia l  volume, and fuel-element thickness, the  maximum fue l -  
element temperature i s  computed by adding the  following temperature 
differences : 

A schematic diagram of the heat-exchanger system and r e l a t i v e  
temperature d i s t r ibu t ion  i s  presented i n  f i gu re  3. 
difference Tw,ex - Tc,av i s  found from the  heat- t ransfer  parameter 
Tw, av 

The temperature 

H by multiplying by the value of H determined i n  s tep  ( a ) .  
'+.' 
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RESULTS AND DISCUSSION 

Specific Reactor Calculations 

C r i t i c a l i t y  calculat ion r e s u l t s  f o r  the core compositions 
represented by reac tors  I t o  N are presented i n  figure 4. 
f igures ,  uranium investment i s  p lo t t ed  against  cylinder core diameter 
f o r  r e f l ec to r  thicknesses of 0, 3, 6, and 12 inches. 
diameter r a t i o  is  taken equal t o  uni ty . )  I n  the calculat ion of these 

I n  these 

(Cylinder length- 

Lo 
N 
Lo 

curves f o r  each core composition and r e f l e c t o r  thickness, a range of 
values of atom r a t i o  R i s  taken and core diameter and r e su l t an t  uranium N 
investment f o r  c r i t i c a l i t y  are determined. Lines of constant R are 
given on each figure. 

The curves f o r  each reactor-core composition indicate  a minimum 
t o t a l  uranium investment f o r  each r e f l ec to r  thickness; minimum t o t a l  
investment decreases and occurs at  progressively smaller core diameters 
as r e f l ec to r  thickness increases t o  e f f ec t ive ly  i n f i n i t e  values. 

The existence of a reactor  s i ze  f o r  minimum t o t a l  uranium investment 
may be explained as follows: 
i s  increased, the neutron.leakage to le rab le  f o r  c r i t i c a l i t y  i s  increased; 
a decrease i n  core diameter r e su l t s .  

As uranium concentration (per un i t  volume) 

A t  the  la rge  core diameters, the  neutron leakage i s  r e l a t i v e l y  
insens i t ive  t o  diameter so  t h a t  i n  order t o  maintain c r i t i c a l i t y ,  a 
la rge  percentage decrease i n  core diameter occurs f o r  a small percent- 
age increase i n  uranium concentrationj hence, the  t o t a l  uranium invest-  
ment, which i s  proportional t o  the uranium investment and the cube of 
the diameter, decreases. A t  the  s m a l l  core diameters, the neutron leak- 
age i s  extremely sens i t ive  t o  diameter and so the opposite e f f e c t s  occur. 
A t  some intermediate value of core diameter, the decrease i n  diameter 
exact ly  counteracts the increase i n  uranium concentration with respect  t o  
t o t a l  uranium investment; t h i s  defines t h e  core  diameter f o r  minimum 
investment. 

Minimum t o t a l  uranium investments and corresponding reactor-core 
diameters f o r  unreflected and r e f l ec t ed  reac tors  are summarized from 
f igu re  4 i n  the  following table: 
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U n r e -  
f l e e t e d  

93 

69 

43 

38 

. 

6-in. 
r e f l e c t o r  

32 

23 

13 

11 

17 

Reactor 

0 

. 
N 
u1 
N 
u1 

I 

I1 

I11 

N 

Compos it ion by 
volume 

- 
NaOH 

0.82 

.82 

.90 

1.00 - 

- 
N a  

- 
0.1c 

0.1c 

0.1c 

-- - 

Minimum uranium 
investment 
(W 

Reactor core diameter 
(f t  1 

Unre- I 6-in. 
f l e e t e d  r e f l e c t o r  

Considerations of reac tor  heat t ransfer  and high-al t i tude supersonic 
f l i g h t  power requirements, presented later, ind ica te  t h a t  core diameters 
of t h e  order of 2.5 feet are r e q u i r e d t o  avoid unreasonably high fue l -  
element temperatures. For a 2.5-foot core diameter and a 6-inch 
r e f l ec to r ,  figure 4 indicates  investments of 51, 36, and 21 pounds f o r  
r eac to r s  I, 11, and 111, res2ectively.  

R e f  l ec to r  Savings 

The va r i a t ion  of NaOH r e f l e c t o r  savings (defined as the  difference 
between the unref lec ted  and r e f l ec t ed  reactor  core r a d i i )  with r e f  l ec to r  
thickness f o r  reac tors  I t o  IV i s  presented i n  f igure  5 f o r  representat ive 
values of atom r a t i o  R. Reflector savings increase markedly f o r  r e f l e c t o r  
thicknesses up t o  6 inches, but l e v e l  off  rap id ly  f o r  l a rge r  thicknesses. 
A l i n e  indicat ing r e f l ec to r  savings equal t o  r e f l ec to r  thickness i s  
included i n  figure 5. Reflector savings are about equal t o  r e f l e c t o r  
thickness up t o  thicknesses of 3 inches, indicat ing no ne t  change i n  
reactor-core radius-plus-reflector thickness; f o r  th icker  r e f l ec to r s ,  
r e f l e c t o r  savings are smaller than r e f l ec to r  thickness s o  t h a t  the  over- 
a l l  core-plus-reflector dimensions become larger .  From considerations 
both of over -a l l  s i z e  (core plus  r e f l ec to r )  and of r e f l e c t o r  e f fec t ive-  
ness i n  reducing uranium investment, a r e f l ec to r  thickness of about 
6 inches appears t o  be a sa t i s f ac to ry  compromise. 

The d i f f e ren t  reactor  core compositions considered herein exhib i t  
approximately the same re f l ec to r  savings f o r  any given value of r e f l e c t o r  
thickness.  The s m a l l  e f f e c t  of increased nonproductive absorber i n  the  
core on the  r e f l ec to r  savings may be noted i n  the  s l i g h t l y  reduced 
r e f l e c t o r  savings a t ta ined  f o r  reactors I and I1 compared with reac tors  
I11 and IV. Variation of R i n  the  core a l so  has l i t t l e  e f f e c t  on the  
magnitude of r e f l ec to r  savings. 

, * 
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Although the  magnitudes of t h e  savings are about the same f o r  
thermal reactors  ( low concentration of uranium) f o r  which core diameters 
are large, and f o r  intermediate reactors  (high concentration of uranium) 
f o r  which core diameters are r e l a t i v e l y  small, the  savings a re  much 
smaller percentages of the core r a d i i  f o r  the thermal reac tors  because 
the  neutron leakage i s  smaller f o r  thermal reactors .  

"he curves of f igure  4 f o r  t he  6-inch NaOH r e f l e c t o r  thickness are 
rep lo t ted  i n  f igu re  6 f o r  convenience of comparison of reac tors  I t o  N. 
In every case, the  reactor  core diameters corresponding t o  minimum invest-  
ment a re  less than 2 f e e t .  The curves become steeper on both s ides  of 
the minimum investment point as the  nonproductive absorption i s  progress- 
ive ly  increased from reac tor  I11 t o  I1 t o  I; t h i s  steepness i s  more pro- 
nounced i n  the  region of core s izes  below t h a t  f o r  minimum investment. 
Inasmuch as the uncertaint ies  introduced by two-group theory become 
smaller as core s i ze  i s  increased ( the  value of R increased w i t h  the 
r e s u l t  tha t  f a s t - f i s s ion  contribution w a s  decreased), g rea te r  confidence 
can be placed i n  t h e  r e s u l t s ' f o r  core s i z e s  t o  the  r i g h t  of the  minimum 
investment values. 

C r i t i c a l i t y  Generalization 

Chart construction. - On the  bas i s  of the  considerations presented 
i n  the  section e n t i t l e d  "Methods of Generalization of C r i t i c a l i t y  Results", 
t h e  spec i f ic  r e s u l t s  f o r  reac tors  I, 11, and I11 me replo t ted  t o  be 
applicable, i n  engineering evaluations, t o  a wide va r i e ty  of s t ruc tu ra l -  
material concentrations and compositions, subject  t o  t h e  r e s t r i c t ions :  
(a)  t h a t  the mater ia l  does not exhibi t  any large neutron cross-section 
resonance near thermal energy (below about 100 ev), and (b)  t h a t  the 
concentrations must be r e l a t i v e l y  s m a l l  (say, less than 16 percent) .  
The generalization, r e s u l t s  of which are p lo t t ed  i n  f igu re  7, i s  
accomplished as follows: 

A plot  ( f i g .  7 (a ) )  i s  made of uranium investment 
thermal absorption parameter f s p A ,  t h  f o r  various unref lected reactor  
core diameters composed as follows: 

Wu against  the 

. . . . . . . . . . . . . . . . . . .  Volume f rac t ion  of s t ructure , .  f S 
Volume f r ac t ion  of NaOH plus  Na,  . . . . . . . . . . . . . . . .  1 - f s  
Na/NaOH volume ra t io , .  . . . . . . . . . . . . . . . . . . . . .  0.122 

The spec i f ic  r e s u l t s  f o r  reac tors  I, 11, and I11 a r e  used i n  the  
construction of this p lo t  employing a reference value of f s  
For reactors  I and 11, the value of f s  i s  0.08 and so the r e s u l t s  are 
d i r e c t l y  applicable; f o r  reactor  111, fs i s  zero so t h a t  a void correct ion 
t o  f, of 0.08 w a s  made by the method discussed i n  appendix B. 

of 0.08. 
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The unreflected core diameters indicated on f igure  7(a)  a r e  re fer red  

t o  as the  chart  diameters (s) Dc. The s l an t  l i n e s  on the  l e f t  of 

t h i s  p l o t  y i e ld  the  unreflected reactor  t o t a l  uranium investments Wu 
f o r  any assigned value of fs. 

The i n s e r t  p lo t  ( f ig .  7 (b) )  indicates  the  reduction i n  core dia- 

N reduction i n  core diameter i s  equal t o  twice the  r e f l ec to r  savings as 
meter possible  with various thicknesses of NaOH re f lec tor .  The 

presented i n  f igure  5; inasmuch as re f l ec to r  savings a re  r e l a t i v e l y  
insens i t ive  t o  core composition, average values were selected f o r  
figure 7(b).  

cn 
N cn 

Therefore, f o r  assigned values of f s  and Dc of i n t e re s t ,  
figure 7(a)  enables determination of enriched uranium investments for 
t he  unref lected reac tors  f o r  any value of 
t h e  evaluation of the re f lec ted  core diameter f o r  any value of r e f l e c t o r  
thickness; t h e  uranium investment f o r  r e f l ec t ed  reactors,  which i s  pro- 
por t iona l  t o  the cube of the  core diameter, may be calculated from the  
uranium investment f o r  t he  unref lected core. 

fsxsA,th. Figure 7(b) permits 

. 

Chart procedure. - The procedure f o r  using the  chart  i s  given by 
the  following steps: 

1. A re f lec ted  NaOH reactor  with.actua1 s t ruc tu ra l  material con- 
cent ra t ion  f s  and core diameter D c ( t r )  is  assigned. 

2. Figure 7(b) gives the  reduction i n  reac tor  diameter due t o  NaOH 
r e f l e c t o r s  of various thickness; the unreflected core diameter of i n t e r e s t  
i s  then evaluated. 

3. The unreflected char t  reactor  diameter i s  calculated 

by means of the ac tua l  value of f s  and the  unreflected core diameter of 
i n t e r e s t  Dc. 

4. Figure 7(a) y ie lds  a value of uranium investment Wu f o r  the 
unreflected reactor  with the  actual  value of f s .  

5. The uranium investment f o r  t he  r e f l ec t ed  reactor  of i n t e r e s t  
is then  computed. 

i The use of the chart  can best be i l l u s t r a t e d  by an example: 
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Case f s  fS'A,th Dc(tr)  DC DC ' ( s ) C  

( f t )  (f t)  (ft) (ft) 

a 0.08 0.0127 2.50 0.76 3.26 3.2K 

b .12 .0191 2.50 .76 3.26 3.12 

NACA RM E52119 

wu ( ( lb )  

100 0.45 45 

130 145 59 

Example. - It i s  desired t o  f ind  the  enriched uranium investment 
f o r  a cy l indr ica l  reactor  of length-diameter r a t i o  of unity,  moderated 
by NaOH ( w i t h  small percentage of N a  
6-inch thickness of NaOH. The reactor  core i s  2.5 f e e t  i n  diameter and 
i s  t o  contain volume concentrations of Inconel of l a )  8 percent, and 
(b) 12 percent. 
f o r  each case i n  the following t ab le  by equation (1): 

addi t ive)  and r e f l ec t ed  by a 

i s  evaluated fSFA, t h  The thermal absorption parameter 

by weight 

Fe .08 
C r  .14 

Total  I 1.00 

Fraction csA t h  I by Tolume (from t a i l e  1111 

0*74 I 0.189 

Case. a If  sCA, t h  
"A, t h  

0.159 

Case b 

fsFA, t h  

0.12 x 
0.159 

~~ 

0.0191 

The generalized r e s u l t s  apply f o r  reac tors  operating i n  the  thermal 
temperature range of 1400O t o  1500° F; f o r  lower temperatures, investments 
are s l i g h t l y  lower than indicated by f igu re  7. 

Typical Neutron Flux and Heat -Generation Distr ibut ions 

Two-group neutron f l u x  and heat-generation d is t r ibu t ions  have been 
determined f o r  reactors  I and I11 and are presented herein as representa- 
t i v e  of NaOH-cooled and moderated reactors .  The d i s t r ibu t ions  are pre- 
sented as a function of cylinder radius  f o r  an equivalent spher ica l  
reactor  as an indicat ion of the  d i s t r ibu t ions  f o r  the  cy l ind r i ca l  
geometry. 

Neutron f l u x  d is t r ibu t ions .  - The fast and thermal neutron f l u x  
d is t r ibu t ions  are shown i n  f igu re  8 f o r  the 6-inch r e f l e c t o r  thickness 
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and f o r  a value of atom r a t i o  R o f  100 ( indicated i n  f igure  4 t o  be 
near t he  minimum investment po in t ) .  For convenience, the  f l u x  values 
shown correspond t o  reactor  t o t a l  power output of 300,000 kilowatts; 
inasmuch as f luxes are d i r ec t ly  proportional t o  power, they may be 
adjusted f o r  power outputs other than 300,000 kilowatts.  
f o r  t he  same t o t a l  power output are higher f o r  reactor  I11 than f o r  
reactor  I pr inc ipa l ly  because of t he  smaller core s i z e  possible with 
reactor  111. 

Flux l eve l s  

Because of the  smaller absorption i n  reactor  111, thermal neutrons 
r e su l t i ng  from slowing down i n  t h e  r e f l ec to r  can pene t r a t e ' f a r the r  i n t o  
the  core of reactor  I11 than reactor  I. Hence, the  effect iveness  of the 
reflecto; toward f l a t t en ing  the  thermal f l u x  i n  the  core i s  greater i n  
reactor  I11 than I; f o r  example, t h e  r a t i o  of minimum t o  maximum thermal 
f lux  i n  t h e  core i s  0.65 and 0.43 f o r  reactors  I11 and I, respect ively.  

The r a t i o  of fast  t o  thermal neutron f l u x  is about 9 f o r  reac tor  I 
and about 7 f o r  reactor  111. These r a t i o s  w i l l  decrease as reac tor  s i z e  
and corresponding investment are increased and less dependence upon fast 
f i s s ions  i s  required. 

Heat-generation d is t r ibu t ions .  - Radial heat-generation d is t r ibu t ions  
are shown i n  f igu re  9 f o r  various values of r e f l ec to r  .thickness and f o r  
the value of R equal t o  100. Figure 9 is  a p lo t  of the  r a t i o  of l o c a l  
spec i f ic  heat re lease  t o  average specif ic  heat release against  reactor  
core radius  expressed as a f r ac t ion  of t o t a l  core radius.  

The d is t r ibu t ions  demonstrate t he  degree t o  wh.ich reac tors  with 
NaOH r e f l e c t o r s  may be expected t o  approach uniform heat generation with 
uniform d i s t r ibu t ion  of uranium. The ef fec t  of r e f l ec to r  thickness 
saturates rap id ly  with l i t t l e  change i n  d i s t r ibu t ion  above thicknesses 
of 6 inches. 

Larger var ia t ions  i n  loca l  heat  re lease with radius are t o  be 
expected of reac tors  containing appreciable concentrations of absorptive 
s t ruc ture ,  inasmuch as these reac tors  depend i n  greater  measure upon the 
fast  f l u x  t o  provide f i ss ions  than reactors  with l i t t l e  absorptive s t ruc -  
ture .  I n  addition, as previously mentioned, neutrons which en ter  t he  
core after being slowed down i n  the  r e f l ec to r  do not penetrate as far 
in to  the  core f o r  reactor  I as they do f o r  reac tor  111, thus contr ibut ing 
t o  further nonuniformity i n  the  power-generation d is t r ibu t ion .  

These two points  are i l l u s t r a t e d  i n  f igure  10 i n  which t h e  f r a c t i o n  
of t o t a l  l o c a l  f i s s ions  produced thermally i s  presented as a function of 
core radius  f o r  reactors  I and I11 f o r  various r e f l ec to r  thicknesses. 
It may be  seen that reactor  I has about 6 percent fewer thermal f i s s i o n s  
than reac tor  1x1 throughout the  core. I n  addition, t he  high concentration 
of thermal f i s s ions  a t  the core-reflector in te r face  falls  off more rapidly 
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f o r  reactor  I than f o r  reactor  111. It i s  noted tha t  these reac tors  can 
be c l a s s i f i ed  as intermediate reac tors  i n  t h a t  about 40 percent of t o t a l  
f i s s ions  a r e  produced i n  the  fast neutron group. 

The heat-generation d is t r ibu t ion  over the reactor  core volume can 
be varied by nonuniform d i s t r ibu t ion  of f iss ionable  material. 
ence 16, which presents fissionable-material  d i s t r ibu t ions  corresponding 
t o  uniform heat generation f o r  a representat ive thermal reac tor  assembly 
with various r e f l ec to r  thicknesses, indicates  t h a t  appreciable improve- 

Refer- 

ment i n  power-generation d i s t r ibu t ion  can be achieved i n  a w e l l  r e f l ec t ed  
reactor  by red is t r ibu t ion  of the  f i ss ionable  mater ia l  with only a s m a l l  

In 
N m 
N addi t ional  investment of f i ss ionable  mater ia l  (of the  order of 1Q t o  

15 percent f o r  t he  assemblies of reference 16 ) .  
reference 16 are f o r  thermal reac tors  i n  which the  f i ss ionable  material 
w a s  red is t r ibu ted  t o  give uniform heat generation, the  same general  
conclusions should apply f o r  the  intermediate reac tors  present ly  under 
consideration f o r  which the f i ss ionable  material may be red is t r ibu ted  t o  
a t t a i n  uniform fuel-element temperature throughout the  reactor  core 
volume. 

Although the  r e s u l t s  of 

S ta t ic  S t a b i l i t y  Character is t ics  and Excess Uranium Requirements 

The temperature coef f ic ien t  of r eac t iv i ty  and excess uranium 
requirements have been computed f o r  reac tors  I and 111. 
t i v e  examples of each reactor  have been considered (an intermediate 
reactor  of small core s i ze  and a more thermal reactor  of r e l a t i v e l y  large 
core s ize)  i n  order t o  i l l u s t r a t e  both the  e f f ec t  of s t ruc ture  and the  
e f f ec t  of neutron leakage on reactor  s t a b i l i t y .  
a 6-inch thickness of NaOH have been considered f o r  both cases.  

Two representa- 

Reactors r e f l ec t ed  with 

The r a d i a l  d i s t r ibu t ion  of adjoint  functions rp+f and q + t h  
r e l a t i v e  t o  the  value of g + t h  
hot, unpoisoned reac tors  I and I11 with a n  atom r a t i o  R of 100, are 
presented i n  f igure  11. These adjo in t  functions, computed i n  accordance 
with the methods described i n  appendix D, are used i n  conjunction with 
t h e  actual  neutron f l u x  d is t r ibu t ions  t o  provide weighting f ac to r s  which 
evaluate the  r e l a t i v e  importance of s m a l l  l o c a l  changes o r  perturbations 
of t h e  reactor constants at any reactor  geometrical posi t ion.  

a t  t he  reactor  axis,  f o r  t he  smaller 

For example, the e f f ec t  on p i l e  r e a c t i v i t y  of a s m a l l  change i n  
thermal absorption cross section zA,th 
reactor  core is  proportional t o  the  product of the  thermal f l u x  and the  
thermal adjoint  function at t h a t  posi t ion.  
r eac t iv i ty  of s m a l l  changes i n  
evaluated by the  integrated e f f ec t  over the  e n t i r e  core volume as shown 
i n  appendix D. 

at a pa r t i cu la r  pos i t ion  of t he  

The over-al l  e f f e c t  on 
over the  e n t i r e  reac tor  core i s  ZA,th 
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Temperature coeff ic ient  of r eac t iv i ty .  - Temperature coef f ic ien ts  
of r e a c t i v i t y  have been computed for both poisoned and unpoisoned 

NXe Nfiss. prod. 

core) core core)  
(atoms/cc (atoms cc (atoms/cc 

reac tors  operating at 1450° F and a power of 300,000 kilowatts.  
uranium requirements have been estimated f o r  these reactors  on t h e  
assumption t h a t  the reactors  were predominantly thermal. 
condition considers the equilibrium xenon concentration and concentrations 
of 24-hour accumulation of samarium and f i s s i o n  products f o r  operation a t  

Excess 

The poisoned 

I 
I 
I11 
I11 

a constant power of 300,000 kilowatts; these concentrations are l i s t e d  
the  following table f o r  t he  reactors  considered: 

100 
200 
100 
400 

Core. 
dia- 
meter 
(ft 1 
2.26 
5.34 
1.52 
3.10 

4.77X1014 2.85X1015 7.75X1015 3.14X1018 

.85 1 111 1 -:00 [/j 
9.70 2.00 1.17 
16.50 2.81 7.73 10.0 

Reactors a re  r e f l ec t ed  by 6-inch thickness of NaOH. 

3n 

. 

Individual  temperature coeff ic ients  of r e a c t i v i t y  associated with 
changes with temperature of the  two-group parameters f o r  each of the  
four r eac to r s  a re  l i s t ed  i n  t ab le  IT. Derivatives of each parameter with 
temperature were obtained numerically from the calculated va r i a t ion  of 
t h e  parameter with temperature and s a t i s f a c t o r i l y  represent a c t u a l  
der iva t ives  f o r  the temperature range from about 12000 t o  1700° F. 
Temperature coef f ic ien ts  of r eac t iv i ty  dp/dT were computed by the  
r e l a t i o n s  given i n  appendix D. 

I n  the  calculat ion of dp/dT f o r  reac tor  I11 which does not contain 
fuel-element s t ruc ture  and would therefore  physical ly  correspond t o  t h e  
homogeneous reactor ,  it has been assumed t h a t  the  uranium concentrations 
remain f ixed  and t h a t  only the cross sec t ion  var ies  with temperature; 
r e s u l t s  f o r  reac tors  I and I11 given i n  the  t ab le  are then d i r e c t l y  
comparable. O f  course, the  reduction i n  uranium concentration accompany- 
ing  t h e  expansion of NaOH i n  a homogeneous reactor  would produce a sub- 
s t a n t i a l l y  more negative temperature coef f ic ien t  of r e a c t i v i t y  f o r  
reac tor  111. 

From t a b l e  IV it may be noted t h a t  t he  combined contr ibut ion t o  the  
temperature coef f ic ien t  of xA,th (without poison), Kth, CA,'ch, CA,f, 
and Kf xA,f ,  t ha t  is, of the f i s s i o n  and absorption processes, i s  
r e l a t i v e l y  small. 
contr ibut ions of & t h  with and without poison) i s  s l i g h t l y  pos i t ive .  

The e f fec t  of t he  poisons (given by difference i n  
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The combined contributions of hm,th, hm f, and zs,f, that is, of 
the sca t te r ing  and slowing-down processes, give a r e l a t i v e l y  large 
negative temperature coeff ic ient  which i s  associated mainly with the 
decrease i n  density of moderator w i t h  increase i n  temperature. As. 
a r e s u l t  of t h i s  large negative contribution, the over -a l l  temperature 
coef f ic ien ts  of the  reac tors  considered a r e  negative. The magnitude of 
the  negative temperature coef f ic ien t  increases as t h e  s i z e  of t h e  
reac tor  decreases. 

8 

Net values of the  temperature coef f ic ien t  of r e a c t i v i t y  dp/dT 
vary from about -0.00006 f o r  the  m a n - s i z e d  reac tors  t o  about -0.00002 
f o r  the  large reactors .  A temperature coe f f i c i en t  of r e a c t i v i t y  of 
about -0.00006 per OF r e s u l t s  i n  a change i n  r eacs iv i ty  of -0.6 percent 
f o r  a 100' F temperature rise; t h i s  r e a c t i v i t y  is  of the same order of 
magnitude as that associated with the  delayed-fission neutrons and so 
ind ica tes  the negative coef f ic ien t  t o  be s ign i f i can t  from the point of 
view of s teady-state  reactor  self-contro+ 

Excess uranium requirements. - The excess uranium requirement 
f o r  the poisoned c r i t i c a l  reac tor  over the investment required for A$ 

the  unpoisoned c r i t i c a l  reactor  e is  a l s o  l i s t e d  i n  t a b l e  N. It may 
be seen tha t  the  excess uranium requirement necessary t o  maintain c r i t i -  
c a l i t y  f o r  these reac tors  after 24-hour operation a t  a power of 300,000 
kilowatts  increases as the s i z e  of the reac tor  producing t h i s  power 
decreases. The excess uranium requirement appears t o  be l e s s  than 
10 pounds for a l l  the reactors  herein considered. 

Reactor Heat-Transfer Charac te r i s t ics  

It i s  r eca l l ed  tha t  the reac tor  hea t - t ransfer  cha rac t e r i s t i c s  
presented are independent of any a i rp lane  considerations.  
a r e  presented per kilowatt  of t o t a l  reac tor  heat r e l ease  and are 
r e l a t e d  t o  t he  a i rp lane  only when the  power requirements f o r  a pa r t i cu la r  
f l i g h t  condition a re  es tabl ished.  

The r e s u l t s  

Figure 1 2  presents p lo t s  of the difference between maximum f u e l -  
element temperature and average NaOH coolant temperature per kilowatt  

of t o t a l  reactor  heat re lease,  Tw, av, against  coolant veloci ty .  

Each p l o t  i s  f o r  a given core diameter (2,  2.5, or 3 f t )  and concen- 
t r a t i o n  of s t r u c t u r a l  mater ia l  (6  or  12  percent by volume) f o r  f u e l -  
element p l a t e  thicknesses of 0.012, 0.016, and 0.020 inch. Heat gener- 
a t ion  i s  assumed t o  be uniform over the  reac tor  core f o r  the 0.016- 
and 0.020-inch p l a t e  thicknesses; f o r  t he  0.012-inch p l a t e  thickness, 
both cases of uniform heat generation and of uniform fuel-element wall 
temperature a re  presented. 
between the e x i t  and average NaOH temperature. 

H 

Also included i n  each p lo t  i s  the difference 
The e f f e c t s  of per t inent  
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variables on the difference between maximum fuel-element temperature 
and exit coolant temperature are directly obtainable from figure 12. 

J 

. 
4 

The following tabulation of results, obtained from figure 12 for a 
reactor with total heat release of 300,000 kilowatts, indicates the 
effects on TwYex - Tc,av 
variables. 

of representative values ?f the heat-transfer 

3 .O 

2.5 

2.5 

Reactor 

15 0.06 0.012 UHGa 

15 .06 .012 UHG 

15 .06 .012 UHG 

30 .06 ,012 UHG 

15 -12 e012 UHG 

15 .06 .020 UHG 

&Uniform heat generation 
kniform wall temperature 

390 I 
210 

12 5 

125 

80 

365 

165 

Airplane and Turbojet Cycle Characteristics 

Flight condition requirements. - Figures 13 and 14 present plots 
of reactor heat release H, and airplane gross weight Wg (expressed 
in ratio to shield, reactor, pay-load, and auxiliary weight 
effective wall temperature of the air heat exchanger 
at 30,000- and 50,000-foot altitudes at Mach numbers of 0.9 and 1.5. 
The optimized turbojet cycle conditions determined in reference 14 for 
each of these flight conditions were used in the construction of these 

WK) against 
Tw,eff for flight 

plots . 
Figure 13 shows that the effect of flight speed on reactor heat 

release is much greater than the effect of altitude, chiefly because of 
the greatly reduced airplane lift-drag ratios (and hence increased power 
requirements) encountered at supersonic speeds. For Tw,eff about 
1700O F, heat releases required for supersonic flight are of the order 
of three times greater than for subsonic flight; for 
the heat-release requirements are of the order of five times greater. 
the range of values of Tw,eff 
subsonic flight are fairly insensitive to variation in 
supersonic flight, heat releases are quite sensitive to 
cularly in the range below 1200' F. 

Tw,eff about l l O O o  F, 
For 

plotted in figure 13, heat releases for 

TWyeff, parti- 
TW,eff; for 
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Figure 14 shows that reduction of a l t i t u d e  from 50,000 feet  t o  
30,000 fee t  f o r  the  1.5 Mach number s ign i f i can t ly  reduces gross weight 
requirements t o  the  point where the  gross weights are comparable with 
subsonic values. 

Maximum reactor  fuel-element temperature. - The reactor  heat  t ransfer  
and t h e  turbojet  cycle charac te r i s t ics  have been combined t o  e s t ab l i sh  the  
magnitude of maximum reactor  temperatures required f o r  t he  four f l i g h t  
conditions considered. m 

cu 
Lo 
N Maximum fuel-element temperatures a re  p lo t t ed  i n  f igures  15 and 16  

against  reactor heat releases required f o r  the four  f l i g h t  conditions 
considered, f o r  reactor  operation at uniform heat generation and uniform 
w a l l  temperature, and f o r  the  following conditions: 

Reactor core diameter, Dc, f t  . . . . . . . . . . . . . . .  2.0 and 2.5 

Fuel-element p l a t e  thickness, i n .  . . . . . . . . . . . . . . . .  0.012' 
Volume concentration of fuel-element material, fs  . . . .  0.06 and 0.12 

NaOH coolant velocity,  f t / sec  . . . . . . . . . . . . . . . . . . .  15 

Figure 15 i s  f o r  WK of 100,000 pounds; f igure  16 i s  f o r  WK of 
150,000 pounds. Four separate p lo t s  are included i n  each f igure,  one f o r  
each of the four f l i g h t  conditions. 

The NaOH coolant temperature leaving the  reactor  i s  included i n  the  
f igures  as an indicat ion of t he  l i m i t  t o  which the  maximum fuel-element 
temperature may be reduced. It i s  reca l led  that an assumed temperature 
difference of looo F between the average NaOH temperature i n  the  reactor  
and the  e f fec t ive  w a l l  temperature i n  the  air heat exchanger has been 
incorporated i n  t h e  data of f igu res  15 and 16. 

For a given reactor  configuration and allowable maximum fuel-element 

Corresponding 
temperature, f igures  15 and 16 provide a value of reac tor  heat  release 
required f o r  any of t he  four  f l i g h t  conditions considered. 
values of gross a i rplane weight may be obtained from f igures  13 and 14 
with Tw,eff as the  l inking var iable .  

Figures 15 and 16  indicate  the  following general  r e s u l t s  f o r  the  
two values of WK considered: 

(a)  A t  subsonic f l i g h t  (Mach number 0.91, maximum fuel-element 
temperature can be maintained a t  1200° F and lower f o r  reac tor  core 
diameters of 2 feet  and volume concentrations of fuel-element material 
of 6 percent with reasonable values of reac tor  heat release and airplane 
gross weight. A t  120O0 F, these values are tabulated as follows: 



N cn 
N cn 

WK 
(Ib) 

100,000 
100,000 

150,000 
150 000 

. 

wg 
( f t )  0 4  ( Ib)  

Alt i tude H 

50,000 68,000 198,000 
30,000 59,000 160,000 

50,000 106,000 305,000 
30 9 000 90 , 000 242 , 000 

. 

100,000 
100,000 

150,000 
150,000 
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50,000 72,000 205,000 
30,000 61,000 163,000 

50,000 110,000 310,000 
30,000 93,000 246,000 

4 

0 0  0.. 0 0 0 0 .  .. 0 e.. 0 0 0 0  0 .  
0 0 0  ... 0 . 0  0 0 .  0 .  0 .  
0 0 . .  0 0 0 .  . 0 0 . .  0 0 0  0 .  
0 . 0  . 0 0.. 0 0 0 0  0 .  0 .  
0 .  0.0 0 0  ... 0 0 0. 0 0  0 . . 0 0 0  0.  
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Variation i n  reac tor  core diameter and volume concentration of f u e l -  
element material has r e l a t i v e l y  l i t t l e  e f f e c t  on maximum fuel-element 
temperature f o r  a given r eac to r  heat release. A maximum fuel-element 
temperature of about llOOo F can be a t t a ined  by an increase i n  r eac to r  
core diameter t o  2.5 feet  or  by an increase i n  volume of fuel-element 
material t o  12 percent with operation a t  t h e  following conditions: 

For t h e  subsonic f l i g h t  conditions it i s  noted . tha t  t he  increase i n  
r eac to r  hea t  release and airplane gross weight, r e su l t i ng  from a decrease 
i n  maximum fuel-element temperature from 12000 t o  l l O O o  F, i s  small. 
There appears t o  be a small advantage i n  r eac to r  operation at uniform 
element temperature over operation a t  uniform power generation. 

(b)  A t  supersonic f l i g h t  (Mach number 1.5), maximum fuel-element 
temperatures must be of t he  order of 1500° t o  1700° F f o r  a r eac to r  core 
diameter of 2 feet and volume concentration of fuel-element material of 
6 percent. Increase i n  reac tor  core diameter t o  2.5 f e e t  and.volume of 
fuel-element material t o  1 2  percent lowers fuel-element temperature t o  
the  1200° t o  13000 F l eve l .  For these conditions and a maximum f u e l -  
element temperature of 1200' F, t h e  following tabula t ion  is  made: 

I I 
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Reference t o  f igures  13 and 14 indicates  that operation a t  the 
lower values of air heat-exchanger effect ive w a l l  temperature ser iously 
penalizes the airplane gross weight and required heat release f o r  t he  
supersonic 50,000-foot-altitude condition, but  that f l i g h t  a t  a Mach 
number of 1.5 a t  an a l t i t u d e  of 30,000 feet requires  a la rger  heat 
release b u t  a r e l a t ive ly  smaller gross weight which is comparable w i t h  
subsonic requirements. 

Summars of airplane conditions with low-temerature turbo.iet 
cycle. - For convenience i n  evaluation of the airplane engine and reac tor  
requirements f o r  the four f l i g h t  conditions considered, a sunnnary i s  pre- 
sented i n  tab le  V of some representat ive r e s u l t s  obtained i n  the a i rp lane  
cycle performance, heat t ransfer ,  and reactor  c r i t i c a l i t y  study. 

- 

The-turbojet operating conditions and a i rp lane  component w e i g h t s  
listed are based on engine operation at an air heat-exchanger e f f ec t ive  
w a l l  temperature of 10oOo F at  a l l  f l ight conditions. 
100' F between the average NaOH reac tor  coolant temperature and the air 
heat-exchanger e f f ec t ive  wall temperature is maintained. 

A difference of 

The ac tua l  t o t a l  engine air flow t o  the  turboje t  engines a t  each 
f l i g h t  condition i s  l isted; i n  addition, the  t o t a l  engine air  flow 
corrected t o  s t a t i c  sea-level conditions i s  included. (The corrected 
air flow i s  used t o  specify the air-handling capacity of a turbojet  
engine.) From designs of exis t ing  engines, it appears that a corrected 
air flow of about 300 pounds per second i s  obtainable w i t h  a turboje t  
engine approximately 4 feet i n  diameter. The corrected t o t a l  engine air 
flow therefore  serves as a measure of the number of tu rboje t  engines 
required t o  maintain a given fl ight condition; these values are a l s o  
l i s t e d  i n  tab le  V. 

Six and nine engines of the s i z e  specif ied are required t o  maintain 
flight at  30,000 feet a l t i t u d e  and Mach number 1.5 f o r  respect ive values 
of WK of 100,000 and 150,000 pounds. Th i s  compares reasonably w e l l  w i t h  
the  numbers of engines required f o r  both subsonic conditions. 
f l i g h t  a t  50,000 f e e t  a l t i t ude ,  however, requires  on t h i s  bas i s  20 engines 
f o r  a WK of 100,000 pounds, and 29 engines fo r  a WK of 150,000 pounds. 
The la rge  number of engines required f o r  t h i s  f l i g h t  condition may impair 
aerodynamic charac te r i s t ics  and reduce obtainable l i f t -d rag  r a t i o s  below 
the assumed value of 6.5. 

Supersonic 

For supersonic f l i g h t  at 50,000 feet  a l t i t ude ,  t he  air heat-exchanger 
e f f ec t ive  w a l l  temperature would have t o  be increased t o  about 160O0 F, 
i n  order t o  reduce the  required air flows to .values  comparable w i t h  the 
other  f l i g h t  conditions. 

Two reactor geometries of diameters 2.0 and 2.5 feet  have been 
se lec ted  f o r  operation a t  each f l ight  condition. Both configurations 
provide for r e l a t i v e l y  low maximum fuel-element temperatures consis tent  
w i t h  the attainment of reasonable a i rp lane  gross weights and reactor  

Lo cu 
u3 cu 



. 

. 

J 

e *  * e *  . 
* e .  e .  
. e . *  e 
* * e  . 
.e e.. .. 

NACA RM E52119 

. e e. .e 0 .e* e . *e  e *  
e ... e e *  e .  * e  
e .. e e e . .  e . .  * e  
e .*e e . e *  * e  e *  
.e* . e .e e. . e e e * *  .. 

29 

heat re leases .  
below 50 pounds. 

The uranium investments required f o r  these reactors  are 

SUMMARY OF RESULTS 

The e f f e c t s  of reactor  var iables  on c r i t i c a l i t y  and maximum reactor  
fuel-element temperatures f o r  sodium-hydroxide-cooled, moderated, and 
r e f l ec t ed  reactors  of length-diameter r a t i o  1 are presented f o r  subsonic 
and supersonic propulsion of nuclear-powered a i r c r a f t .  The following 
results,  based on turboje t  engine cycle operating conditions optimized t o  
give minimum airplane gross weight, were obtained from the  study f o r  two 
values of weight of sh ie ld  plus reactor plus pay-load plus aux i l i a r i e s  
(designated as yC) representat ive of the  divided-type shadow sh ie ld  and 
the  un i t  bulk shield,  respectively: 

1. Fl ight  a t  a Mach number of 0.9 at a l t i t u d e s  of 30,000 and 
50,000 f e e t  f o r  values of WK 
maintained with maximum reactor  fuel-element temperatures of the  order 
of 11000 t o  1200' F with a reactor  core diameter of 2 feet. 

of 100,000 and 150,000 pounds may be 

2. An airplane gross weight of about 200,000 pounds and reactor  
heat release of about 70,000 kilowatts a r e  required f o r  subsonic f l i g h t  
f o r  WK of 100,000 pounds. Gross weight and reactor  heat re lease  are 
proportionately increased f o r  a value of WK of'150,OOO pounds. 

3. Flight  at a Mach number of 1.5 a t  an a l t i t u d e  of 30,000 f e e t  
f o r  both values of WK may be maintained w i t h  maximum reactor  fue l -  
element temperatures of t he  order of 1200O t o  1300° F with a reactor  
core diameter of 2 feet .  A t  an a l t i t ude  of 50,000 feet  and a Mach 
number of 1.5, similar maximum. fuel-element temperatures may be maintained 
with a reactor  core diameter of 2.5 fee t .  

4. A t  30,000 feet a l t i t ude ,  a i rplane gross weight f o r  supersonic 
f l i g h t  i s  comparable w i t h  gross weight requirements f o r  subsonic f l i g h t  
(about 180,000 pounds f o r  WK 
required, however, are about four  times greater than f o r  the  subsonic 
case (270,000 kilowatts f o r  WK o f  100,000 pounds). A t  50,000 feet  
a l t i t ude ,  a i rplane gross  weights and reactor heat releases required 
f o r  supersonic f l i g h t  are about 300,000 pounds and 350,000 kilowatts 
respectively,  f o r  WK of 100,000 pounds. Gross weight and heat re lease  
are proportionately increased f o r  WK of 150,000 pounds. 

of 100,000 pounds); reactor  heat releases 

5. Enriched uranium investments f o r  the  hot unpoisoned re f lec ted  
reactor ,  containing su f f i c i en t  high-nickel-alloy f u e l  elements t o  provide 
appropriate heat- t ransfer  surface f o r  the aforementioned reactor  and 
a i rp lane  f l i g h t  conditions, are of the order of 35 and 50 pounds f o r  
core diameters of 2.0 and 2.5 f ee t ,  respectively.  A s  fuel-element 
s t r u c t u r a l  mater ia l  i n  the  reactor i s  reduced t o  zero concentration, 
the  uranium investments approach 15 and 20 pounds f o r  the  2.0- and 
2.5-foot core diameters, respectively.  The excess uranium required t o  
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counteract burnup and the poisoning effects of equilibrium xenon, 
samarium, and other fission products, resulting from reactor operation 
for 24 hours at 300,000 kilowatts, is estimated to be less than 10 pounds. 
At this poisoned condition, the temperature coefficient of reactivipy for 
reactors with high-nickel-alloy fuel elements was calculated t o  be 
negative and of the order of -0.00006 per ?F. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, Ju ly  28, 1952 
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APPENDIX A - SYMBOLS 
reactor  coolant flow area 

coolant spec i f ic  heat 

neutron diffusion length 

reactor  core diameter 

reduction i n  reac tor  diameter due t o  r e f l e c t o r  

equivalent diameter of coolant flow passage 

neutron energy 

airplane net t h rus t  

volume f r a c t i o n  of s t ruc tu ra l  and fuel-element material i n  
reactor  core 

reactor  heat release 

reactor  heat- t ransfer  coeff ic ient  

neutron mult ipl icat ion constant 

thermal conductivity of fuel-element material 

coolant thermal conductivity 

reactor  core length 

mean square slowing-down distance f o r  fast neutrons 

mean square diffusion distance f o r  thermal neutrons 

airplane l i f t  -drag r a t i o  

Maxwellian neutron density (per un i t  speed range) 

reactor  atom densi ty  

resonance escape probabi l i ty  

neutron slowing-down densi ty  

r a t i o  of hydrogen t o  uranium 235 

reactor  core radius  

a. 

31 
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r 

S 

“P 

T 

Tc , av 
Tc,en 

Tc, ex 

Tw, eff 

Tw, ex 

tP 

0 
w,ex 

t r 
107 u = log, 7 

reactor radius 

reactor heat-transfer surface area 

fuel-element plate spacing 

temper at ur e 

average reactor coolant temperature 

coolant temperature entering reactor 

coolant temperature leaving reactor 

air heat-exchanger effective wall temperature 

maximum fuel-element temperature 

maximum fuel-element surface temperature 

plate-type fuel-element sandwich thickness 

reactor reflector thickness 

logarithmic neutron energy 

coolant velocity 

neutron velocity 

airplane gross weight 

shield, reactor, pay-load, and auxiliary equ,2ment we-ght 

airplane structural weight 

enriched uranium investment 

excess uranium requirement 

turbo jet-engine air flow 

extrapolation distance 

macroscopic transport mean free path 

coolant viscosity 

In tu 
In 
hl 
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. 

L' neutrons produced per fission 

t 
P coolant density 

- dP 
dT 

EA macroscopic absorption cross section 

XSA, th 

average logarithmic energy l o s s  per collision 

temperature coefficient of reactivity 

macroscopic absorption cross section of structural material 

macroscopic fission cross section CF 

=, 
XS macroscopic scattering cross section 

macroscopic total cross section 

OS microscopic scattering cross section 

'g neutron flux 

cp+ adjoint function 

Subscripts : 

0 reactor core 

1 reactor reflector 

m moderator 

th thermal neutron group 

f fast neutron group 

33 



34 

APPENDIX B - TWO-GROUP DIFFUSION THEORY 

Two-group two-zone diffusion equations. - The neutrons are separated 
in to  two groups: a fast group consisting of a l l  neutrons from f i s s i o n  
energies t o  thermal energy, and a thermal group consis t ing of a l l  slowed- 
down neutrons i n  s t a t i s t i c a l  equilibrium with the temperature of t h e i r  
surroundings. 

For the fast group, terms representing leakage, absorption, slowing 
out, and production of neutrons i n  t,he reac tor  core are given by 

ATFt,f,O 
3 Leakage: - 

Absorption: cA, f ,  (p,, 

Slowing out: CS,f,O (Pf ,O 

'F,f,O wf,0 + 'F,th,OVVth,O 

For the thermal group, terms representing leakage, absorption, and 
production of neutrons i n  the  reactor  core are given by 

Absorption: 'A,th,O qth,O 

Production: CS,f,O qf,O 

For the re f lec tor ,  terms representing leakage, absorption, and 
slowing out of t he  fast group are given by 

Leakage: - hTR,f,l 
A C Y f , l  

Absorption: C A , ~ ,  1 qf ,  1 

Slowing out: BS,f,1(Pf,l 

Terms representing leakage, absorption, and production of neutrons 
f o r  the  thermal group of t he  r e f l ec to r  are given by 

Leakage: - A q t h , 1  ATR, th ,  1 

Absorption: L;A, th ,  1 (p th ,  1 
Production: Zs , f , lpf , l  

The macroscopic cross sect ions and mean free paths appearing i n  the  
foregoing terms must be appropriately averaged over t he  energy range 
const i tut ing t h e  per t inent  neutron group so that the  various terms 
represent the correct  d i s t r ibu t ion  of neutron processes occurring within 
the  reactor.  

~ ~ ~ 

m cu 
Ln cu 
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For each group and reactor  zone, expressions for the  conservation 
of neutrons may be wr i t ten  

'F,th,O 'qth,O = 

These equations may be rearranged as follows: 

The mean-square slowiy-down length L2f,o, 1 and mean-square 
thermal diffusion length L th ,o , l  are defined as 

TR,f ,o, 1 
L2f,0,l = 

3(CA,f,0,1 s ,f ,o, i)  
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Inasmuch as the  macroscopic cross sections are the  e f f ec t ive  averages 
over the  pertinent energy group, the  resonance escape probabi l i ty  may be 
su i tab ly  approximated i n  terms of these e f f ec t ive  values. 

& , f , O , l  

Pth90,1 = (CA,f,O,l + CS,f,O,l) 

It follows then t h a t  

The multiplication constants K.p and Kth representing, 
respectively, t he  number of neutrons born per neutron absorbed i n  each 
energy group are defined as 

With these def ini t ions,  t he  two-group equations may be rewri t ten.  
For the  core, 

-f,o - 

For the r e f l ec to r  
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1 
A r p f , l  - - 9f , l  = 0 

L2f,  1 

Boundary conditions and solutions.  - The preceding simultaneous 
l i nea r  d i f f e r e n t i a l  equations a r e  solved subject t o  the  following 
boundary conditions f o r  t he  case of spherical  geometry. 

The cont inui ty  of neutron current a t  the core-ref lector  in te r face  
requires  t h a t  

J 
The continuity of neutron f l u x  a t  t he  in te r face  a l s o  requires  t h a t  

A t  t he  outer face of the re f lec tor ,  the  neutron f luxes must go t o  
zero a t  the  extrapolated boundary; i t  is  assumed t h a t  the extrapolat ion 
dis tance i s  the  same f o r  both fast and thermal neutrons and small i n  
comparison w i t h  the  r e f l ec to r  thickness so  that 

3 0  1 r=R,+tr 

"he neutron fluxes must be f i n i t e  everywhere i n  the  reactor ,  
that i s  
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The general  solutions of the  pa i r s  of simultaneous equations ( 9 )  t o  
(12) are obtained by l e t t i n g  AQ= u2Cp where u2 i s  the  same constant 
f o r  the  f a s t  and thermal f luxes i n  each zone but  d i f f e r s  f o r  t he  core and 

Ln 

In 
r e f l ec to r  zones; a2 i s  designated as %2 f o r  the  core and as a12 f o r  cu 
t he  re f lec tor .  Introduction of aCP,,, = w,l%g,1 i n  equations (9 )  t o  N 

( 1 2 )  yields  quadratic expressions f o r  w2 and ul2 i n  terms of the core 
and r e f l ec to r  compositions, respectively.  The general solut ion f o r  t he  
fast or  thermal f l u x  i n  each zone i s  then a l inea r  combination of t h e  
general  solutions of 
quadratic appropriate f o r  each zone. 

Acp = u2Q corresponding t o  the  two roots  of the  

Application of t he  foregoing boundary c,onditions t o  the  general  
solutions f o r  t he  fast  and thermal f l u x  i n  each zone leads t o  four homo- 
geneous l inear  equations involving four a r b i t r a r y  constants and the  
unknown c r i t i c a l  radius  of the reactor  core and thickness of t he  r e f l ec to r .  
The vanishing of t he  determinant of coef f ic ien ts  of these four  equations 
f o r  an assigned thickness of r e f l ec to r  is  the condition f o r  t he  evaluation 
of the  c r i t i c a l  radius  of t he  core. 

With the  c r i t i c a l  dimensions of the  reac tor  known, three  of t he  
The f l u x  a rb i t r a ry  constants are solved f o r  i n  terms of the fourth.  

d i s t r ibu t ions  i n  both the  core and r e f l ec to r  are therefore  determined 
except f o r  a n  a r b i t r a r y  mult ipl icat ive constant. 
t he  two-group method a re  presented i n  references 17 and 18. 

Detailed mechanics of 

The re f lec ted  reactor  s izes  calculated f o r  spherical  geometry are 
t ranslated t o  cy l ind r i ca l  geometry i n  the  following manner: 

( a )  For the  unreflected reactor ,  t h e  c r i t i c a l  s i ze s  are determined 
by the  re la t ions  

A 

f o r  spher ica l  geometry w2 = dZ 

(R ,+E) 2 

2 
=: d + 2 . 4 0 5 ~  f o r  cy l ind r i ca l  geometry 

(HC+26)‘ (Rc+6)2 

where the  buckling constant i s  a function only of the  composition 
of the  unreflected reactor  and hence i s  independent of t he  geometry of 
the  system. (Re i s  here the  cylinder radius,  R’ ,  the sphere radius, 
and 6 
Hence, f o r  the  same reactor  composition, 

the extrapolation distance a t  which the  f lux  becomes zero.)  
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2. 40S2 ,2 =: lr2 + 
(R',+6) 2 (Hc+26)2 ( R , + € J ) ~  

or,  if the  cy l indr ica l  reactor  i s  of length-diameter r a t i o  equal t o  
uni ty  Hc .= 2Rc, 

Rc + 6 = 0.9144 (R',+6) 

For 6 << Re, R ' ,  

- k: 0.9144 
R ' C  

(b)  For the  re f lec ted  reactor,  the assumption i s  made tha t  t he  
r e f l e c t o r  savings (difference i n  core radii f o r  unreflected and r e f l ec t ed  
reac tors )  i s  the  same f o r  both the  spherical  and cy l ind r i ca l  geometries. 
Hence the  r e f l ec to r  savings calculated f o r  any given core and r e f l ec to r  
thickness f o r  the  spherical  geometry can be d i r e c t l y  applied t o  the  
unref lected cy l indr ica l  c r i t i c a l  dimensions t o  obtain the  r e f l ec t ed  
cy l ind r i ca l  c r i t i c a l  dimensions. 

Effect  of voids on c r i t i c a l i t y  of bare reactor .  - The introduction 
of uniformly d is t r ibu ted  void space in  a bare reactor  reduces the  dens i t i e s  
of a l l  const i tuents  i n  the  reactor  by the  f ac to r  ( l - fv)  where 
here t h e  f r ac t ion  of void volume. Hence, a l l  macroscopic cross sect ions 
are reduced by the  f ac to r  ( l - fv) .  
reac tor  nuclear constants (see references 1 7  and 18) shows t h a t  i s  
then reduced by the  fac tor  (1-fv)2 
Hence, t he  c r i t i c a l  dimensions of the  bare reactor  are increased by t h e  

f v  i s  

and the  The r e l a t i o n  between 
w2 

fo r  the  same r e l a t i v e  core composition. 

f a c t o r  t h a t  i s  
r m) ' 

D Lwith void] 1 
D no void = - ( ( I  c 1 

For the same r e l a t i v e  core composition, the  uranium investment i s  
d i r e c t l y  proportional t o  i t s  reactor  concentration and t o  the  reactor  
volume; t h a t  is ,  

1 # k i t h  void] = ( l - fv)  D3 [with v o i d  - - 
WU [no void] D3 [no v o i g  (1-fvI2 

Effect of voids on c r i t i c a l i t y  of  r e f l ec t ed  reactor .  - The assumption 
i s  made t h a t  the  r e f l ec to r  savings are  unaffected by introduction of small 
amounts of void volume i n  the  core of a re f lec ted  reactor .  
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APPENDIX C - EXALUATION OF TWO-GROUP THEORY CONSTANTS 

The constants required f o r  solut ion of t h e  two-group equations are 
as follows: 

LZf mean-square slowing-down length 

L2th mean-square thermal diffusion length 

hTR,f fast- t ransport  mean free path 

Am, th 

Pth 

thermal-transport mean free path 

resonance e scape probabi l i ty  

Kf f a s t  mult ipl icat ion constant 

Kth thermal mult ipl icat ion constant 

These constants a r e  separately evaluated f o r  each core and r e f l e c t o r  
composition. Multiplication constants are, of course, zero f o r  the  
ref lec tor .  

The f a s t  parameters were averaged over t h e  energy spectrum of 
neutrons born during f i s s ion .  
was  taken from reference 5 and normalized t o  uni ty  over an energy range 
extending from 25,000 ev t o  10 MeV. 

The thermal f i s s i o n  neutron spectrum 

Total  cross  sections f o r  Na,  0, H, N i ,  and Fe as a function of 
neutron energy were taken from reference 8. 
occur only a t  3000 ev and above; f o r  these energies the  neutron sca t t e r ing  
width i s  very much larger  than the  neutron absorption width so t h a t  these 
resonances have been taken as subs tan t ia l ly  scat ter ing.  The values used 
f o r  t o t a l  cross  sect ion f o r  H were those obtained from measurements i n  
H20. 

Resonances f o r  these nuclei  

Thermal absorption cross sect ions were taken from reference 19; 
the  p i l e  o s c i l l a t o r  values were used wherever avai lable .  
of absorption cross sect ion with neutron energy w a s  assumed t o  follow the 
l/v l a w .  

The var ia t ion  

Fission, absorption, and sca t t e r ing  cross  sect ions f o r  K-25 end 
product uranium mixture (91.5 

Metal densi t ies  were taken from reference 22. 
and dens i t ies  used i n  these calculat ions has been presented i n  table I. 

ercent U235, 1.5 percent U234, 7 percent 
U238) normalized per atom of U 3 35 were taken from references 20 and 21. 

A summary of cross sect ions 
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Fast Parameters 

Mean-square slowing-down length, L 2 f. - As previously mentioned, 
mean-square slowing-down lengths were calculated for hydrogenous mixtures 
by the method of reference 6 in which a formula, equation ( loa) ,  for 
L2f 
down properties of elements other than hydrogen. 
error provided the macroscopic scattering cross section of hydrogen is 
greater than the macroscopic scattering cross section of the heavy 
elements in the medium. 
equation (A3) of reference 6, was used for the present calculations 
since it provides results in good agreement with the more rigorous 
equation (108) and involves considerably less computational labor. 

for water of unit density, by equations (108) 
and (A3) of reference 6 averaged over the fission spectrum, were calcu- 
lated as 26.9 and 25.4 square centimeters, respective1 . These values 
compare with the experimentally determined value of L$ for water of 
33 square centimeters of reference 23. It is customary in reactor 
calculations to correct the calculated value of to the experimental 
value. This multiplicative correction for water from the L2f as calcu- 
lated by equation (A3) of reference 6 is 33/25.4 = 1.30. 

is derived taking into account the scattering but not the slowing- 
This introduces small 

A limiting form of the rigorous formula, 

The values of L2f 

L2f 

Inasmuch as no experimental data are available for NaOH, the 
correction factor to the calculated value of 
by ascertaining the mixture of H20 and Na2O corresponding to NaOH. 
It was found that a mixture by volume of 40 percent 
gravity 1.00 and 60 percent of specific gravity 2.27 corresponded 
to NaOH of specific gravity 1.77. Assuming the correction factor to be 
proportional to the percentage of H20 in the mixture, a correction 
factor of 1.12 was established to apply to all values of 
computed from equation (A3) of reference 6. These values of L2f were 
f rther corrected to the operating temperature of interest by assuming 
L f to be inversely proportional to the square of the density of NaOH. 

L2f for NaOH was determined 

H20 of specific 
Na2O 

L& as 

5 
Macroscopic cross sections. - The remaining fast parameters were 

calculated from the energy distribution of neutron flux, given by age 
theory for an infinite medium of the same composition, as the weighting 
factors on the energy-dependent cross sections (see references 18 and 24). 
For example, the effective fast macroscopic absorption cross section 
CA,f is given by 



where the  f lux  v l ( u )  i s  obtained as 

and where q(u)  i s  the age-theory neutron slowing-down densi ty  through 
any energy i n t e r v a l  i n  an i n f i n i t e  medium. 

Similarly, the  e f fec t ive  fast macroscopic f i s s i o n  cross sect ion 

&,f and transport  mean f r e e  path h TR,f may be evaluated as 

L h X ' F ( u )  d' 

'F,f = 

r o  ' ( u )  ;p '(u) du 

The f a s t  mult ipl icat ion constant i s  therefore  given by 

Kf = VCF,fbA,f 

The resonance escape probabi l i ty  Pth i s  the  value of q at 
thermal energy Uth, inasmuch as a f i s s i o n  spectrum normalized t o  uni ty  
has been employed. 

The integrals required are evaluated numerically over t he  e n t i r e  
fast  energy region and i n  su i tab ly  small energy in te rva ls .  

Thermal Parameters 

Macroscopic cross sections.  - The thermal parame.ters of both core 
and re f lec tor  involve macroscopic cross sect ions which must be su i tab ly  
averaged over the Maxwellian d i s t r ibu t ion  of neutrons i n  the thermal 
region t o  represent their  e f f ec t ive  values. For example, i n  order t h a t  
the term ZA t h R h  
occurring p e r  un i t  volume of reactor,  &,th must be some e f f ec t ive  

represent t he  t rue  r a t e  of neutron absorptions 
9 

m 
(u m 
N 
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average value if 
ponding t o  the  most probable speed of the  Maxwellian d i s t r ibu t ion  
corresponding t o  energy E th .  

Rh i s  given a s  the thermal f l u x  of neutrons corres- 

The e f f ec t ive  value of CA,>th averaged over the Maxwellian d i s t r i -  
but ion of neutron f l u x  vM(v) is given by 

For absorption cross sect ions which follow the  l /v  law,  as i s  
usua1l;Y the  case fo r  thermal neutrons, t h e  value of CA,th 
from equation ( C 5 )  tu rns  out t o  be exactly the  l o c a l  value of 
corresponding t o  the average speed of t he  Maxwellian d i s t r ibu t ion  of 

neutron densi ty  M(v). Inasmuch as the average speed i s  - = 1.128 

times g rea t e r  than the most probable speed, the e f f ec t ive  value of 
C ~ , t h  i s  0.886 times the value a t  the most probable energy t o  which 
it i s  customary t o  r e f e r  measured cross sect ions.  
values of thermal-absorption cross section used herein have a l l  been, 
r e fe r r ed  t o  the  accepted value f o r  gold a t  the  most probable neutron 
thermal energy). 

evaluated 
C'A 

2 

f i  

(The p i l e  o s c i l l a t o r  

The same r e s u l t s  apply t o  the macroscopic f i s s i o n  cross  sect ion of 
uranium &,th which very c lose ly  follows a l /v  va r i a t ion  f o r  the  
thermal region. 

Similar considerations are made i n  obtaining an e f f ec t ive  value 
The e f f ec t ive  value of of thermal-transport mean f r e e  path hm,th. 

h m , t h  i s  given by 

vM(v) dv Jo 
where h,' i s  the l o c a l  value f o r  neutrons of a pa r t i cu la r  veloci ty .  
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For any par t icu lar  neutron velocity,  Z'A and X'TR are evaluated 
as the sum of the products of the  reactor  atom density of each const i tuent  
and the pertinent cross section: 

Effect of chemical binding. - The e f f ec t  of chemical binding of 
the hydrogen i n  the molecule f o r  both water and NaOH alters the angular 
d i s t r ibu t ion  of neutrons sca t te red  by hydrogen. Since th i s  e f f e c t  
occurs almost exclusively i n  the thermal region and var ies  rapidly with 
neutron energy, the  average value of the cosine of the sca t t e r ing  angle 
cos 8 
- 

as a function of l o c a l  neutron energy must be known. 
I 

I n  the  absence of these spec i f ic  data, Radkowsky i n  reference 7 has 
made use of the  "Born approximation" (reference 25) i n  evaluating an 
e f fec t ive  value of A, the  atomic mass of the  sca t te r ing  atom, f o r  use 
i n  the formula f o r  a = 2/3A applicable f o r  i so t ropic  e l a s t i c  
sca t te r ing  i n  the center of mass system. The "Born approximation" 
indicates  the sca t te r ing  cross sect ion t o  be proportional t o  the square 
of the reduced mass of the neutron and sca t te r ing  atom. For neutrons of 
energies w e l l  above the region of chemical binding, the hydrogen atom 
i s  ef fec t ive ly  f r e e  and presents a mass of uni ty  and of 20 barns. 
Hence, the following proport ional i ty  may be formed from which an 
e f fec t ive  value of A i s  determined: 

US 

Lo 
Eu 
Lo 
Eu 

-- e ($)2 
20 

where as1 
observed i n  measurernnts on water. 

i s  the l o c a l  value of hydrogen sca t te r ing  cross sec t ion  

By means of equations (C6), (C8), (C9), and the formula 
cos 8 = 2/3A, Radkowsky has checked the experimental values of thermal 
diffusion length f o r  water f o r  a range of temperature. 
of hm, th  f o r  the hydroxide reac tors  herein considered have been 
numerically evaluated by the same procedure. 

Effect ive values 

The remaining thermal parameters are evaluated as follows: 

The thermal mult ipl icat ion constant Kth i s  given by 



ir- 

t- 

The mean-squar thermal diffusion leng-,, is given by 
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. I  

APPEXDIX D - TEMPERATURE COEFFICIENT OF REACTIVITY AND EXCESS 

URANIUM REQUIREDfENTS * I  

The derivation of the f i r s t -order  per turbat ion formula presented i n  
appendix I of reference 12 f o r  t he  two-group two-zone problem has been 
modified t o  include the  fast f i s s i o n  e f f ec t .  This modification involves 
no changes i n  the  derivation procedure of reference 12  and, f o r  this  
reason, the d e t a i l s  of the  modified derivation are omitted herein.  In 

hl 
In 
hl The perturbation formula gives the  e f f ec t  of small changes i n  the  

nuclear properties of any port ion of t he  reactor  volume on the  r e a c t i v i t y  
of t he  en t i r e  reactor.  The perturbation formula i s  herein applied t o  the  
problems of determining reac tor  temperature coef f ic ien t  of r e a c t i v i t y  and 
excess uranium requirement t o  overcome burnup and fission-product 
poisoning. 

Perturbation formula. - The two-group neutron d i f fus ion  equations 
f o r  the  reactore core are 

where the subscript  0, used t o  ind ica te  reactor  core, has been dropped 
i n  t h i s  section. 

I n  matrix form, these equations are represented by E# = 0, where 
the  matrix operator H i s  defined as 

DtkP - 'A,th %,f 
H L  

Kth CA,th D@ - @A,f + %,f) + Kf CA,f 

and Cp i s  the column matrix 

t h  
r p =  

'pf 

The operator H defined herein includes 
Kf LA,f which was taken as zero i n  reference 

the  fast f i s s i o n  t e r m  
12. 
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The ad jo in t  matrix H*, obtained by r e f l e c t i o n  of a11 elements of 
H about i t s  p r inc ipa l  diagonal, is given by 

The addi t ion of the term Kf i n  the  second-row second-column 
element of the operator matrices H and H* introduces no change i n  the  
de t a i l ed  der ivat ion of the  perturbation formula given i n  appendix I of 
reference 12. Hence, only the f inal  formulas a r e  presented herein. 

The perturbat ion formula, writ ten i n  terms of the  neutron f luxes 
Rh and qf and t h e i r  ad jo in t  functions cp+th and 

where 
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If the indicated matrix operations are performed and P expressed 
i n  terms of  the various contributions t o  the r e a c t i v i t y  due t o  the  
individual changes i n  the per t inent  nuclear constants, the following 
resu l t s  are obtained: 

where 

’ I  

In 
IN In 
N I 
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Adjoint equations. - For use i n  the  per turbat ion formula, the 
ad jo in t  functions rp+f and q+th must be known as a function of 
pos i t ion  (radius  r, i n  t h i s  case).  

Equations (3) and ( 4 )  are the  core ad jo in t  equations. 

( D 4 )  
+ 

Dth,OC\(P+th,O - 'A, th,O q+th,O + Kth 'A, t h , O  f ,O = 

The re f l ec to r  ad jo in t  equations, obtained i n  the same manner as 
for the core, are 

I n  the der ivat ion of the perturbation formula, the same boundary 
conditions are applied t o  the adjoint  functions as are applied t o  the 
fluxes,  namely: 

a t  core-ref lector  
in te r face  I + + 

+ 
CP f , O  = cp f,l 

'4' th,O =g+th , l  

n f , O W + f  ,o = Df, lW+,, 1 

Dth, Ov@th, 0 Dth, lVg+th, 1 

+ + 
Cp f,l = Cp t h , l  = 0 at r e f l ec to r  outer surface 
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1 1 

The solut ion of the adjoint  equations subject  t o  the foregoing 
boundary conditions i s  ident ica l ,  i n  procedure, t o  the so lu t ion  of the 
neutron f l u x  equations subject t o  the same boundary conditions. 

Temperature coeff ic ient  of r eac t iv i ty .  - The procedure used f o r  
IL 
&’ 
K 

determining the d i f f e r e n t i a l  changes i n  the  per t inent  nuclear parameters 
with temperature, required f o r  use i n  the per turbat ion formula, is  pre- cu 
sented herein. 

For the fast parameters, Cwo pr inc ipa l  e f f e c t s  of change i n  temper- 
ature a r e  accounted f o r :  

E f f e c t  A - accounts f o r  change i n  neutron energy range cons t i tu t ing  
the fast group. 

E f f e c t  B - accounts f o r  change i n  density and hence i n  density of 
nuclei  of NaOH i n  reactor  core only inasmuch as uranium and s t r u c t u r a l  
material remain f ixed  i n  the reactor .  

The re la t ions  f o r  the fast parameters are 

%,f ‘ h , f  d’th - -%,f - 
dT duth dT pmdT 

I n  re la t ions  (D16) t o  (D18), the respect ive values of 
obtained from equations (Cl), (C3), and (‘24); the subscr ipt  m r e fe r s  
t o  the  moderator. 

d/dUth are 

Effect B i s  neglected i n  equations (D16) and (D17) because the 
fast absorption by NaOH i s  small. 
t o  e f f ec t  B i n  the neutron slowing-down process and hence i s  neglected 

Effect  A i s  negl igible  i n  comparison 
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in equation (D19). 
in a manner implying %hat the diffusion and slowing-down processes are 
due primarily to the NaOH. 

Effect B is included in equations (D18) and (D19) 

For the thermal parameters, two principal effects of change in 
temperature are accounted for: 

Effect B - same as for fast parameters. 
Effect C - accounts for change in microscopic cross sections with 

c ; L c r ~ ~  iii Giei-Gl teiiipai-ztiile. 

For all nuclei within the reactor excepting Xe135, the microscopic 
absorption cross section aA is assumed to follow the l/v law in the 
vicinity of thermal energy. Hence, for these nuclei aA is inversely 
proportional to f i  so that 

dT daA, th 
‘A, th 2T f - -  

For Xe13’, a quantity axe which is a function of temperature is 
defined as 

The relations f o r  the thermal parameters are 

The foregoing changes in nuclear parameters are assumedto be 
homogeneously distributed over the entire reactor core. No changes 
in the reflector parameters are taken as contributing to change in 
reactivity . 

(D2fl) 
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Estimate of excess uranium requirements. - Use of the perturbation 
formula to calculate the additional uranium required to counteract the 
effects of fission-product poisoning and uranium burnup is described 
herein. The principal poisons are Xe135 and Sm149; a host of other 
fission-fragment poisons appear and are accounted for by the assumption 
that for every uranium atom fissioned the equivalent of a single poison 
atom appears with a microscopic absorption cross section uPA,th equal 
to 100 barns. 

m tu 
In The excess uranium requirement is given by the relation stating 

that the reactivity decrease due to accumulation of fission-product poison 
and due to fuel burnup must equal the reactivity increase brought about by 
addition of extra fuel. 

cu 

The assumptions used in the calculation of these reactivity changes 
are as follows: 

(1) Introduction of the fission poisons affects only EA,th. 

( 2 )  Only the uranium thermal absorption and production parameters 
are affected by subtraction or introduction of uranium into the reactor 
core. This assumption implies that the reactor is principally thermal. 

(3) ,The fission poisons and added uranium are assumed to be distri- 
buted uniformly over the volume of the reactor core. 

Let: 

S$ number of uranium atoms per cubic centimeter of reactor core 
burned up during the required reactor operation. 

# uranium concentration required for the hot unpoisoned reactor 
(Investment corresponding to this concentration is given by 
the criticality calculations. ) 

P fractional increase in uranium concentration, over that calculated 
for the hot unpoisoned reactor, to counteract reactivity effects 
associated with fission product poisoning and fuel burnup. 

The weighting factors in the expression for the change in 
reactivity P, are evaluated as follows: 

(a) To calculate the reactivity decrease due to poison, P&A,th) 
(equation (D11)) is evaluated by taking 



. 

w w e. 
0 . .  NACA RM E52119 0. e e ww. *e 

(b )  
P(XA,th) 

To calculate  the  r eac t iv i ty  decrease due t o  f u e l  burnup, 
(equation ( D 1 1 ) )  is evaluated by taking 

and PV+,th (equation ( D 1 2 ) )  is evaluated by taking 
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(c )  To calculate  the r eac t iv i ty  increase due t o  the  addi t ion of 
uranium i n  excess of that required f o r  c r i t i c a l i t y  of the  hot unpoisoned 
reactor,  P(CA,th) (equation ( D 1 1 ) )  i s  evaluated by taking 

and P(Vx,,th) (equation ( D 1 2 ) )  i s  evaluated by taking 
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TABLE I - NCXLEAR PR-IES OF =TOR MATERIAIS 
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8.90 

7.85 

18.7 
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per cc 

Na 
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Fe 
U 

0.0236 X1024 

.0194 

.0913 

.OW7 

.0173 

Ab 8 or p t ion 
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0.24 
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2.34 

1.24 
299 

* 

N 
UI 

2: 

aTherma1 energy 

Scattering 
S U 
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3 .O 
3.9 

reference 
17.3 

10.9 
12 .o 

responding to  an average temperature 
of 14SOo F .  
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TABLE I1 - WO-GROUP W O R Y  REACTOR CONSTlwTs 

4.528 1.581 1.717 
7.365 1.385 1.45E 
11.312 1.076 1.115 

5.066 1.658 1.8X 
12.204 1.334 1.461 
18.769 1.104 1.121 
9.854 1.665 1.832 
28.765 1.283 1.332 
4.299 1.750 1.961 

Reactor 

0.729 
.902 

0.549 

I 0.516 
.685 
.788 

0.533 
.776 

I .a54 

I1 

50 
100 
200 

50 
150 
300 
100. 
400 
50 
500 

I11 

1 

3.580 1.624 102.0 
3.589 1.630 102.0 
3.594 1.634 102.0 

3.858 1.784 105.6 
3.884 1.795 105.6 
3.895 1.798 105.6 

4.087 1.902 104.9 
4.123 1.910 104.9 

3.766 1.723 89.2 
3.839 1.740 89.2 27.6ll 

N 
1.213 1.247 .917 

(b) Reflector. 

( cm) 
3.820 

Pth,O 

(cm) (cm2) (cm2) 

1.727 86.4 67.2 0.970 
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Figure 2. - Schematic diagram of nuclear-powered turbojet ellgine. Primary coolant, 
NaOII; secondary coolant, liquid metal. 
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(a) Reactor I. Core composition: NaOH, 0.82; Ni, 0.08; Na, 0.10. 

diameter ratio of cylindrical core, 1.0; average moderator temperature, 1450' F. 
Figure 4. - Enriched uranium investment for NaOH-cooled, moderated, and reflected reactors. Length- 
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Reactor core diameter, Dc, ft 

Core composition: NaOH, 0.82; Fe, 0.08; Na, 0.10. (b) Reactor 11. 
Figure 4. - Continued. Enriched uranium investment for NaOH-cooled, moderated, and reflected 

reactors. Length-diameter ratio of cylindrical core, 1.0; average moderator temperature, 
1450° F. 
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Reactor core diameter, Dc, ft 
(c) Reactor 111. Core composition: NaOH, 0.90;  Na, 0.10. 

Length-diameter ratio of cylindrical core, 1.0; average moderator temper- 
Figure 4. - Continued. Enriched uranium investment for NaOH-cooled. moderated, and reflec- 

ted reactors. 
ature, 1450° F. 
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Figure 4. - Concluded. Enriched uranium investment for NaOH-cooled, moderated, and reflec- 
ted reactors. 
ature, 1450° F. 

Length-diameter ratio of cylindricai core, 1.0; average moderator temper- 
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Figure 5. -.Representative reflector savings for NaOH-cooled, moderated, and 
reflected reactors. Average reflector temperature, 1400° F. 
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Reactor core diameter, Dc, ft 

Figure 6. - Comparison Of critical reactors I to IV. Reflector thickness, 6 inches of NaOH; 
length-diameter ratio of cylindrical core, 1.0; average moderator temperature, 14500 P. 
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Reactor radius, r, it 

(a) Reactor I. Core composition: NaOH, 0.82; 
Ni, 0.00; Na, 0.10; uranium investment, 
43 pounds. 

0 .2 .4 .6 .0 1.0 1.2 1.4 
Reactor radius, r, ft 

(b) Reactor 111. Core composition: NaoH, 0.90; 
~ a ,  0.10; uranium investment, 15 pounds. 

Figure 8. - R a d i a l  neutron flux distributions. Reflector thick- 
new, 6 inches of NaOH; average moderator temperature, 14!jOo; 
ratio Of hydrogen to uranium atams R, 100; reactor total heat 
release, 300,OOO kilowatts; flux for total heat release of 

H kilowatts given by Cp = 3 0 0 , ~ ~ 0  vindicated- 
E 
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Air heat-exchanger effective wall temperature TW,eff, OF 

Figure 13. - Variation of required reactor heat release w i t h  air heat-exchanger 
effective wall temperature for optimum turbojet cycle. 
ence 14. Ratio of structural to gross weight ws/wg, 0.30. 

Data based on refer- 
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Figure 14. - Variation of required airplane gross weight with air heat-exchanger 
effective w a l l  temperature for optimum turbojet cycle. 
ence 14. Ratio of structural to gross weight Ws/Wg, 0.30. 

Data based on refer- 
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